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ABSTRACT: The Majorana nature of neutrinos is strongly motivated from the theoretical and phe-
nomenological point of view. A plethora of neutrino mass models, known collectively as Seesaw
models, exist that could generate both a viable neutrino mass spectrum and mixing pattern. They
can also lead to rich, new phenomenology, including lepton number non-conservation as well as
new particles, that may be observable at collider experiments. It is therefore vital to search for such
new phenomena and the mass scale associated with neutrino mass generation at high energy collid-
ers. In this review, we consider a number of representative Seesaw scenarios as phenomenological
benchmarks, including the characteristic Type I, II, and III Seesaw mechanisms, their extensions
and hybridizations, as well as radiative constructions. We present new and updated predictions for
analyses featuring lepton number violation and expected coverage in the theory parameter space at
current and future colliders. We emphasize new production and decay channels, their phenomeno-
logical relevance and treatment across different facilities in e+e−, e−p and pp collisions, as well
as the available Monte Carlo tools available for studying Seesaw partners in collider environments.
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1 Introduction
Neutrino flavor oscillation experiments from astrophysical and terrestrial sources provide over-
whelming evidence that neutrinos have small but nonzero masses. Current observations paint a
picture consistent with a mixing structure parameterized by the 3×3 Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix [1–3] with at least two massive neutrinos. This is contrary to the Standard
Model of particle physics (SM) [4], which allows three massless neutrinos and hence no flavor
oscillations. Consequently, to accommodate these observations, the SM must [5] be extended to a
more complete theory by new degrees of freedom.
One could of course introduce right-handed (RH) neutrino states (νR) and construct Dirac
mass terms, mDνLνR, in the same fashion as for all the other elementary fermions in the SM.
However, in this minimal construction, the new states do not carry any SM gauge charges, and
thus these “sterile neutrinos” have the capacity to be Majorana fermions [6]. The most significant
consequence of this would be the existence of the RH Majorana mass term MR(νR)cνR and the
explicit violation of lepton number (L). In light of this prospect, a grand frontier opens for theoret-
ical model-building with rich and new phenomenology at the energy scales accessible by collider
experiments, and which we will review in this article.
Generically, if we integrate out the new states, presumably much heavier than the electroweak
(EW) scale, the new physics may be parameterized at leading order through the dimension-5 lepton
number violating operator [7], the so-called “Weinberg operator,”
L5 = α
Λ
(LH)(LH)
EWSB−−−−→ L5 3 αv
2
0
2Λ
(νL)c νL, (1.1)
where L and H are, respectively, the SM left-handed (LH) lepton doublet and Higgs doublet,
with vacuum expectation value (vev) v0 ≈ 246 GeV. After electroweak (EW) symmetry breaking
(EWSB), L5 generates a Majorana mass term for neutrinos. One significance of Eq. (1.1) is the fact
that its ultraviolet (UV) completions are severely restricted. For example: extending the SM field
content minimally, i.e., by only a single SM multiplet, permits only three [5] tree-level completions
of Eq. (1.1), a set of constructions famously known as the Type I [8–14], Type II [14–18], and Type
III [19] Seesaw mechanisms. These minimal mechanisms can be summarized with the following:
Minimal Type I Seesaw [8–14]: In the minimal Type I Seesaw, one hypothesizes the existence
of a right-handed (RH) neutrino νR, which transforms as a singlet, i.e., as (1, 1, 0), under the SM
gauge group SU(3)c⊗SU(2)L⊗U(1)Y , that possesses a RH Majorana mass MνR and interacts with
a single generation of SM leptons through a Yukawa coupling yν . After mass mixing and assuming
MνR  yνv0, the light neutrino mass eigenvalue mν is given by mν ∼ y2νv20/MνR . If yν ' 1, then
to obtain a light neutrino mass of order an eV, MνR is required to be of order 10
14 − 1015 GeV.
MνR can be made much lower though by balancing against a correspondingly lower yν .
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Minimal Type II Seesaw [14–18]: The minimal Type II Seesaw features the introduction of a
Higgs field ∆ with massM∆ in a triplet representation of SU(2)L, and hence transforms as (1, 3, 2)
under the SM gauge group. In this mechanism, light neutrino masses are given by LH Majorana
masses mν ≈ Yνv∆, where v∆ is the vev of the neutral component of the new scalar triplet and Yν
is the corresponding Yukawa coupling. Due to mixing between the SM Higgs doublet and the new
scalar triplet via a dimensionful parameter µ, EWSB leads to a relation v∆ ∼ µv20/M2∆. In this
case the new scale Λ is replaced byM2∆/µ. With Yν ≈ 1 and µ ∼M∆, the scale is also 1014−1015
GeV. Again, M∆ can be of TeV scale if Yν is small or µ  M∆. It is noteworthy that in the Type
II Seesaw no RH neutrinos are needed to explain the observed neutrino masses and mixing.
Minimal Type III Seesaw [19]: The minimal Type III Seesaw is similar to the other two
cases in that one introduces the fermionic multiplet ΣL that is a triplet (adjoint representation)
under SU(2)L and transforms as (1, 3, 0) under the SM gauge group. The resulting mass matrix
for neutrinos has the same form as in Type I Seesaw, but in addition features heavy leptons that are
electrically charged. The new physics scale Λ in Eq. (1.1) is replaced by the mass of the leptons
MΣ, which can also be as low as a TeV if balanced with a small Yukawa coupling.
However, to fully reproduce oscillation data, at least two of the three known neutrinos need
nonzero masses. This requires a nontrivial Yukawa coupling matrix for neutrinos if appealing to any
of the aforementioned Seesaws mechanisms, and, if invoking the Type I or III Seesaws, extending
the SM by at least two generations of multiplets [20], which need not be in the same SM gauge
representation. In light of this, one sees that Weinberg’s assumption of a high-scale Seesaw [7]
is not necessary to generate tiny neutrino masses in connection with lepton (L) number violation.
For example: the so-called Inverse [21–24] or Linear [25, 26] variants of the Type I and III Seesaw
models, their generic extensions as well as hybridizations, i.e., the combination of two or more
Seesaw mechanisms, can naturally lead to mass scales associated with neutrino mass-generation
accessible at present-day experiments, and in particular, collider experiments. A qualitative feature
of these low-scale Seesaws is that light neutrino masses are proportional to the scale of L violation,
as opposed to inversely related as in high-scale Seesaws [27].
The Weinberg operator in Eq. (1.1) is the lowest order and simplest parameterization of neu-
trino mass generation using only the SM particle spectrum and its gauge symmetries. Beyond its
tree-level realizations, neutrino Majorana masses may alternatively be generated radiatively. Sup-
pression by loop factors may provide a partial explanation for the smallness of neutrino masses and
again allow much lower mass scales associated with neutrino mass-generation. The first of such
models was proposed at one-loop in Refs. [28, 29], at two-loop order in Refs. [16, 30, 31], and at
three-loop order in Ref. [32]. A key feature of radiative neutrino mass models is the absence of
tree-level contributions to neutrino masses either because there the necessary particles, such as SM
singlet fermion as in Type I Seesaw, are not present or because relevant couplings are forbidden by
additional symmetries. Consequently, it is necessary that the new field multiplets run in the loop(s)
that generate neutrino masses.
As observing lepton number violation would imply the existence of Majorana masses for neu-
trinos [33–35], confirming the existence of this new mass scale would, in addition, verify the pres-
ence of a Seesaw mechanism. To this end, there have been on-going efforts in several directions,
most notably the neutrinoless double beta (0νββ)-decay experiments, both current [36–39] and up-
coming [40–42], as well as proposed general purpose fixed-target facilities [43, 44]. Complemen-
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tary to this are on-going searches for lepton number violating processes at collider experiments,
which focus broadly on rare meson decays [45–47], heavy neutral leptons in Type I-like mod-
els [48–52], heavy bosons in Type II-like models [53–55], heavy charged leptons in Type III-like
models [56–58], and lepton number violating contact interactions [59, 60]. Furthermore, accurate
measurements of the PMNS matrix elements and stringent limits on the neutrino masses them-
selves provide crucial information and knowledge of lepton flavor mixing that could shed light on
the construction of Seesaw models.
In this context, we present a review of searches for lepton number violation at current and
future collider experiments. Along with the current bounds from the experiments at LEP, Belle,
LHCb and ATLAS/CMS at 8 and 13 TeV, we present studies for the 13 and 14 TeV LHC. Where
available, we also include results for a future 100 TeV hadron collider, an ep collider (LHeC), and
a future high-energy e+e− collider. We consider a number of tree- and loop-level Seesaw models,
including, as phenomenological benchmarks, the canonical Type I, II, and III Seesaw mechanisms,
their extensions and hybridizations, and radiative Seesaw formulations in pp, ep, and ee collisions.
We note that the classification of collider signatures based on the canonical Seesaws is actually
highly suitable, as the same underlying extended and hybrid Seesaw mechanism can be molded to
produce wildly varying collider predictions.
We do not attempt to cover the full aspects of UV-complete models for each type. This review
is only limited to a selective, but representative, presentation of tests of Seesaw models at collider
experiments. For complementary reviews, we refer readers to Refs. [61–67] and references therein.
This review is organized according to the following: In Sec. 2 we first show the PMNS matrix
and summarize the mixing and mass-difference parameters from neutrino oscillation data. With
those constraints, we also show the allowed mass spectra for the three massive neutrino scheme.
Our presentation is agnostic, phenomenological, and categorized according to collider signature,
i.e., according to the presence of Majorana neutrinos (Type I) as in Sec. 3, doubly charged scalars
(Type II) as in Sec. 4, new heavy charged/neutral leptons (Type III) as in Sec. 5, and new Higgs,
diquarks and leptoquarks in Sec. 6. Particular focus is given to state-of-the-art computations, newly
available Monte Carlo tools, and new collider signatures that offer expanded coverage of Seesaw
parameter spaces at current and future colliders. Finally in Sec. 7 we summarize our main results.
2 Neutrino Mass and Oscillation Parameters
In order to provide a general guidance for model construction and collider searches, we first sum-
marize the neutrino mass and mixing parameters in light of oscillation data. Neutrino mixing can
be parameterized by the PMNS matrix [1–3] as
UPMNS =
1 0 00 c23 s23
0 −s23 c23

 c13 0 e−iδs130 1 0
−eiδs13 0 c13

 c12 s12 0−s12 c12 0
0 0 1
 diag(eiΦ1/2, 1, eiΦ2/2) (2.1)
=
 c12c13 c13s12 e−iδs13−c12s13s23eiδ − c23s12 c12c23 − eiδs12s13s23 c13s23
s12s23 − eiδc12c23s13 −c23s12s13eiδ − c12s23 c13c23
× diag(eiΦ1/2, 1, eiΦ2/2), (2.2)
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Normal Ordering (best fit) Inverted Ordering (∆χ2 = 0.83) Any Ordering
bfp ±1σ 3σ range bfp ±1σ 3σ range 3σ range
sin2 θ12 0.306
+0.012
−0.012 0.271→ 0.345 0.306+0.012−0.012 0.271→ 0.345 0.271→ 0.345
θ12/
◦ 33.56+0.77−0.75 31.38→ 35.99 33.56+0.77−0.75 31.38→ 35.99 31.38→ 35.99
sin2 θ23 0.441
+0.027
−0.021 0.385→ 0.635 0.587+0.020−0.024 0.393→ 0.640 0.385→ 0.638
θ23/
◦ 41.6+1.5−1.2 38.4→ 52.8 50.0+1.1−1.4 38.8→ 53.1 38.4→ 53.0
sin2 θ13 0.02166
+0.00075
−0.00075 0.01934→ 0.02392 0.02179+0.00076−0.00076 0.01953→ 0.02408 0.01934→ 0.02397
θ13/
◦ 8.46+0.15−0.15 7.99→ 8.90 8.49+0.15−0.15 8.03→ 8.93 7.99→ 8.91
δCP/
◦ 261+51−59 0→ 360 277+40−46 145→ 391 0→ 360
∆m221
10−5 eV2
7.50+0.19−0.17 7.03→ 8.09 7.50+0.19−0.17 7.03→ 8.09 7.03→ 8.09
∆m23`
10−3 eV2
+2.524+0.039−0.040 +2.407→ +2.643 −2.514+0.038−0.041 −2.635→ −2.399
[
+2.407→ +2.643
−2.629→ −2.405
]
Table 1. Three-neutrino oscillation fit based as obtained by the NuFit collaboration, taken from Ref. [68],
where ∆m23` = ∆m
2
31 > 0 for NO (or NH) and ∆m
2
3` = ∆m
2
32 < 0 for IO (or IH).
where sij ≡ sin θij , cij ≡ cos θij , 0 ≤ θij ≤ pi/2, and 0 ≤ δ,Φi ≤ 2pi, with δ being the Dirac
CP phase and Φi the Majorana phases. While the PMNS is a well-defined 3 × 3 unitary matrix,
throughout this review we use the term generically to describe the 3 × 3 active-light mixing that
may not, in general, be unitary.
The neutrino mixing matrix is very different from the quark-sector Cabbibo-Kobayashi-Maskawa
(CKM) matrix, in that most of the PMNS mixing angles are large whereas CKM angles are
small-to-negligible. In recent years, several reactor experiments, such as Daya Bay [69], Dou-
ble Chooz [70], and RENO [71], have reported non-zero measurements of θ13 by searching for
the disappearance of antielectron neutrinos. Among these reactor experiments, Daya Bay gives the
most conclusive result with sin2 2θ13 ≈ 0.084 or θ13 ≈ 8.4◦ [68, 72], the smallest entry of the
PMNS matrix. More recently, there have been reports on indications of a non-zero Dirac CP phase,
with δ ≈ 3pi/2 [73–75]. However, it cannot presently be excluded that evidence for such a large
Dirac phase may instead be evidence for sterile neutrinos or new neutral currents [76–79].
Neutrino oscillation experiments can help to extract the size of the mass-squared splitting
between three neutrino mass eigenstates. The sign of ∆m231 = m
2
3 −m21, however, still remains
unknown at this time. It can be either positive, commonly referred as the Normal Hierarchy (NH),
or negative and referred to as the Inverted Hierarchy (IH). The terms Normal Ordering (NO) and
Inverted Ordering (IO) are also often used in the literature in lieu of NH and IH, respectively.
Taking into account the reactor data from the antineutrino disappearance experiments mentioned
above together with other disappearance and appearance measurement, the latest global fit of the
neutrino masses and mixing parameters from the NuFit collaboration [68], are listed in Table 1
for NH (left) and IH (center). The tightest constraint on the sum of neutrino masses comes from
cosmological data. Combining Planck+WMAP+highL+BAO data, this yields at 95% confidence
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(a) (b)
Figure 1. The three active neutrino mass spectra versus the lowest neutrino mass for (a) NH, and (b) IH.
level (CL) [80]
3∑
i=1
mi < 0.230 eV. (2.3)
Given this and the measured neutrino mass splittings, we show in Fig. 1 the three active neutrino
mass spectra as a function of the lowest neutrino mass in (a) NH and (b) IH. With the potential
sensitivity of the sum of neutrino masses being close to 0.1 eV in the near future (5−7 years) [81],
upcoming cosmological probes will not be able to settle the issue of the neutrino mass hierarchy.
However, the improved measurement ∼ 0.01 eV over a longer term (7− 15 years) [81, 82] would
be sensitive enough to determine the absolute mass scale of a heavier neutrino spectrum. In addi-
tion, there are multiple proposed experiments aiming to determine the neutrino mass hierarchy. The
Deep Underground Neutrino Experiment (DUNE) will detect neutrino beams from the Long Base-
line Neutrino Facility (LBNF), and probe the Dirac CP-phase and mass hierarchy. With a baseline
of 1300 km, DUNE is able to determine the mass hierarchy with at least 5σ significance [83].
The Jiangmen Underground Neutrino Observatory (JUNO) plans to precisely measure the reactor
antielectron neutrinos and improve the accuracy of ∆m221, ∆m
2
32 and sin
2 θ12 to 1% level [84].
The Hyper-Kamiokande (Hyper-K) experiment, an upgrade of the T2K experiment, can measure
the precision of δ to be 7◦ − 21◦ and reach 3 (5)σ significance for mass hierarchy determination
after 5 (10) years exposure [85]. Finally, the Karlsruhe Tritium Neutrino experiment (KATRIN),
a tritium β decay experiment, aims to measure the effective “electron-neutrino mass” with sub-eV
sensitivity [86].
3 The Type I Seesaw and Lepton Number Violation at Colliders
We begin our presentation of collider searches for lepton number violation in the context of Type I
Seesaw models. After describing the canonical Type I mechanism [8–12] and its phenomenological
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decoupling at collider scales in Sec. 3.1.1, we discuss various representative, low-scale models that
incorporate the Type I mechanism and its extensions. We then present collider searches for lepton
number violation mediated by Majorana neutrinos (N), which is the characteristic feature of Type
I-based scenarios, in Sec. 3.2. This is further categorized according to associated phenomena of
increasing complexity: N production via massive Abelian gauge bosons is reviewed in Sec. 3.2.4,
via massive non-Abelian gauge bosons in Sec. 3.2.5, and via dimension-six operators in Sec. 3.2.6.
3.1 Type I Seesaw Models
3.1.1 The Canonical Type I Seesaw Mechanism
In the canonical Type I Seesaw mechanism one hypothesizes a single RH neutral leptonic state,
NR ∼ (1, 1, 0), in addition to the SM matter content. However, reproducing neutrino oscillation
data requires more degrees of freedom. Therefore, for our purposes, we assume i = 1, . . . , 3 LH
states and j = 1, . . . , n RH states. Following the notation of Refs. [66, 87], the full theory is
LType I = LSM + LN Kin + LN , (3.1)
where LSM is the SM Lagrangian, LN Kin is NR’s kinetic term, and interactions and mass terms,
LN = −L Y Dν H˜ NR −
1
2
(N c)L MR NR + H.c. (3.2)
L and H are the SM LH lepton and Higgs doublets, respectively, and H˜ = iσ2H∗. Once H settles
on the vev 〈H〉 = v0/
√
2, neutrinos acquire Dirac masses mD = Y Dν v0/
√
2 and we have
LN 3 −1
2
(
νL mD NR + (N c)L m
T
D (ν
c)R + (N c)L MR NR
)
+ H.c. (3.3)
After introducing a unitary transformation into m (m′) light (heavy) mass eigenstates,(
ν
N c
)
L
= N
(
νm
N cm′
)
L
, N =
(
U V
X Y
)
, (3.4)
one obtains the diagonalized mass matrix for neutrinos
N†
(
0 mD
mTD M
)
N∗ =
(
mν 0
0 MN
)
, (3.5)
with mass eigenvalues mν = diag(m1,m2,m3) and MN = diag(M1, · · · ,Mm′). In the limit
mD MR, the light (mν) and heavy (MN ) neutrino masses are respectively
mν ≈ −mDM−1R mTD and MN ≈MR. (3.6)
The mixing elements typically scale like
UU † ≈ I −mνM−1N , V V † ≈ mνM−1N , (3.7)
with the unitarity condition UU † + V V † = I . With another matrix U` diagonalizing the charged
lepton mass matrix, we have the approximate neutrino mass mixing matrix UPMNS and the matrix
V`N , which transits heavy neutrinos to charged leptons. These are given by
U †`U ≡ UPMNS , U †` V ≡ V`N , and UPMNSU †PMNS + V`NV †`N = I. (3.8)
– 6 –
(a) (b)
Figure 2. ΣN |V`N |2MN/100 GeV versus the lightest neutrino mass for (a) NH and (b) IH in the case of
degenerate heavy neutrinos, assuming vanishing phases.
The decomposition of active neutrino states into a general number of massive eigenstates is then
given by [66, 87], ν` =
∑3
m=1 U`mνm+
∑n
m′=1 V`m′N
c
m′ . From this, the SM EW boson couplings
to heavy mass eigenstates (in the mixed mass-flavor basis) are
LInt. = − g√
2
W+µ
τ∑
`=e
(
3∑
m=1
νm U
∗
`m +
n∑
m′=1
N cm′ V
∗
`Nm′
)
γµPL`
−
− g
2 cos θW
Zµ
τ∑
`=e
(
3∑
m=1
νm U
∗
`m +
n∑
m′=1
N cm′ V
∗
`Nm′
)
γµPLν`
− g
2MW
h
τ∑
`=e
n∑
m′=1
mNm′N
c
m′ V
∗
`Nm′PLν` + H.c. (3.9)
There is a particular utility of using this mixed mass-flavor basis in collider searches for heavy
neutrinos. Empirically, |V`Nm′ | . 10−2 [88–91], which means pair production of Nm′ via EW
processes is suppressed by |V`Nm′ |2 . 10−4 relative to single production of Nm′ . Moreover, in
collider processes involving νm − Nm′ vertices, one sums over νm either because it is an inter-
nal particle or an undetected external state. This summation effectively undoes the decomposition
of one neutrino interaction state for neutral current vertices, resulting in the basis above. In phe-
nomenological analyses, it is common practice to consider only the lightest heavy neutrino mass
eigenstate, i.e., Nm′=4, to reduce the effective number of independent model parameters. In such
cases, the mass eigenstate is denoted simply as N and one reports sensitivity on the associated
mixing element, labeled as |V`N | or |V`4|, and which are equivalent to |V`Nm′=4 |. Throughout this
text, the |V`N | notation is adopted where possible.
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(a) (b)
Figure 3. Branching fractions of process
∑
iNi → `+W− + `−W+ versus the lightest neutrino mass for
(a) NH and (b) IH in the degenerate case with MN = 300 GeV and mh = 125 GeV, assuming vanishing
phases.
From Eq. (3.5), an important relation among neutrino masses can be derived. Namely, that
U∗PMNSmνU
†
PMNS + V
∗
`NMNV
†
`N = 0 . (3.10)
Here the masses and mixing of the light neutrinos in the first term are measurable from the oscil-
lation experiments, and the second term contains the masses and mixing of the new heavy neutrinos.
We now consider a simple case: degenerate heavy neutrinos with massMN = diag(M1, · · · ,Mm′) =
MNIm′ . Using this assumption, we obtain from Eq. (3.10),
MN
∑
N
(V ∗`N )
2 = (U∗PMNSmνU
†
PMNS)`` . (3.11)
Using the oscillation data in Table 1 as inputs1, we display in Fig. 2 the normalized mixing of each
lepton flavor in this scenario2. Interestingly, one can see the characteristic features:∑
N
|VeN |2 
∑
N |VµN |2,
∑
N |VτN |2 for NH, (3.12)∑
N
|VeN |2 >
∑
N |VµN |2,
∑
N |VτN |2 for IH. (3.13)
As shown in Fig. 3, a corresponding pattern also emerges in the branching fraction3 of the degen-
erate neutrinos decaying into charged leptons plus a W boson,
BR(µ±W∓),BR(τ±W∓) ∼ (20− 30)% BR(e±W∓) ∼ (3− 4)% for NH, (3.14)
BR(e±W∓) ∼ 27% > BR(µ±W∓),BR(τ±W∓) ∼ (10− 20)% for IH, (3.15)
1This is done for simplicity since UPMNS in Table 1 is unitary whereas here it is not; for more details, see [68, 92].
2∑
N (V
∗
`N )
2 =
∑
N |V`N |2 only when all phases on the right-hand side of Eq. (3.11) vanish [93].
3Where BR(A→ X) ≡ Γ(A→ X)/∑Y Γ(A→ Y ) for partial width Γ(A→ Y ).
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Figure 4. Branching fractions of process Ni → `+W− + `−W+ versus the lightest neutrino mass for NH
and IH in the case Ω = I with Mi = 300 GeV and mh = 125 GeV, assuming vanishing Majorana phases.
with BR(`±W∓) = BR(Ni → `+W− + `−W+). These patterns show a rather general feature
that ratios of Seesaw partner observables, e.g., cross sections and branching fractions, encode in-
formation on light neutrinos, such as their mass hierarchy [93, 94]. Hence, one can distinguish
between competing light neutrino mass and mixing patterns with high energy observables.
More generally, the V`N in Eq. (3.10) can be formally solved in terms of an arbitrary orthogo-
nal complex matrix Ω, known as the Casas-Ibarra parametrization [95], using the ansatz
V`N = UPMNS m
1/2
ν ΩM
−1/2
N , (3.16)
with the orthogonality condition ΩΩT = I . For the simplest incarnation of a unity matrix Ω = I ,
– 9 –
the |V`Nm′ |2 are proportional to one and only one light neutrino mass, and thus the branching ratio
ofNm′ → `±W∓ for each lepton flavor is independent of neutrino mass and universal for both NH
and IH [93]. Nevertheless, one can still differentiate between the three heavy neutrinos according
to the decay rates to their leading decay channels. As shown in Fig. 4 for Ω = I , one sees
BR(e±W∓) ∼ 40% > BR(µ±W∓),BR(τ±W∓) ∼ (4− 15)% for N1, (3.17)
BR(e±W∓) ∼ 20% ≈ BR(µ±W∓) ≈ BR(τ±W∓) ∼ (10− 30)% for N2, (3.18)
BR(µ±W∓),BR(τ±W∓) ∼ (15− 40)% BR(e±W∓) ∼ 1% for N3. (3.19)
A realistic Dirac mass matrix can be quite arbitrary with three complex angles parameterizing the
orthogonal matrix Ω. However, the arbitrariness of the Dirac mass matrix is not a universal feature
of Seesaw models; the neutrino Yukawa matrix in the Type II Seesaw, for example, is much more
constrained.
Beyond this, Fig. 2 also shows another general feature of minimal, high-scale Seesaw construc-
tions, namely that the active-sterile mixing |V`N | is vanishingly small. For a heavy neutrino mass
of MN ∼ 100 GeV, Eq. (3.11) implies |V`N |2 ∼ 10−14 − 10−12. This leads to the well-known de-
coupling of observable lepton number violation in the minimal, high-scale Type I Seesaw scenario
at colliders experiments [27, 96, 97]. For low-scale Type I Seesaws, such decoupling of observable
lepton number violation also occurs: Due to the allowed arbitrariness of the matrix Ω in Eq. (3.16),
it is possible to construct Ω and MN with particular entry patterns or symmetry structures, also
known as “textures” in the literature, such that V`N is nonzero but mν vanishes. Light neutrino
masses can then be generated as perturbations from these textures. In Ref. [27] it was proved that
such delicate (and potentially fine-tuned [98–100]) constructions result in small neutrino masses
being proportional to small L-violating parameters, instead of being inversely proportional as in
the high-scale case. Subsequently, in low-scale Seesaw scenarios that assume only fermionic gauge
singlets, tiny neutrino masses is equivalent to an approximate conservation of lepton number, and
leads to the suppression of observable L violation in high energy processes. Hence, any observa-
tion of lepton number violation (and Seesaw partners in general) at collider experiments implies a
much richer neutrino mass-generation scheme than just the canonical, high-scale Type I Seesaw.
3.1.2 Type I+II Hybrid Seesaw Mechanism
While the discovery of lepton number violation in, say, 0νββ or hadron collisions would imply
the Majorana nature of neutrinos [33–35], it would be less clear which mechanism or mechanisms
are driving light neutrino masses to their sub-eV values. This is because in the most general case
neutrinos possess both LH and RH Majorana masses in addition to Dirac masses. In such hybrid
Seesaw models, two or more “canonical” tree- and loop-level mechanisms are combined and, so to
speak, may give rise to phenomenology that is greater than the sum of its parts.
A well-studied hybrid model is the Type I+II Seesaw mechanism, wherein the light neutrino
mass matrix Mν , when MDM−1R  1, is given by [101–107]
M lightν = ML −MDM−1R MTD. (3.20)
Here, the Dirac and Majorana mass terms, MD, MR, have their respective origins according to the
Type I model, whereas ML originates from the Type II mechanism; see Sec. 4 for details. In this
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scenario, sub-eV neutrino masses can arise not only from parametrically small Type I and II masses
but additionally from an incomplete cancellation of the two terms [102–104]. While a significant or
even moderate cancellation requires a high-degree of fine tuning and is radiatively instable [107],
this situation cannot theoretically be ruled out a priori. For a one-generation mechanism, the rela-
tive minus sign in Eq. (3.20) is paramount for such a cancellation; however, in a multi-generation
scheme, it is not as crucial as MD is, in general, complex and can absorb the sign through a phase
rotation. Moreover, this fine-tuning scenario is a caveat of the aforementioned decoupling of L-
violation in a minimal Type I Seesaw from LHC phenomenology [27, 96, 97]. As we will discuss
shortly, regardless of its providence, if such a situation were to be realized in nature, then vibrant
and rich collider signatures emerges.
3.1.3 Type I Seesaw in U(1)X Gauge Extensions of the Standard Model
Another manner in which the decoupling of heavy Majorana neutrinosN from collider experiments
can be avoided is through the introduction of new gauge symmetries, under which N is charged.
One such example is the well-studied U(1)X Abelian gauge extension of the SM [108–112], where
U(1)X is a linear combination of U(1)Y and U(1)B−L after the spontaneous breaking of elec-
troweak symmetry and B − L (baryon minus lepton number) symmetries. In this class of models,
RH neutrinos are introduced to cancel gauge anomalies and realize a Type I Seesaw mechanism.
Generally, such a theory can be described by modifying the SM covariant derivatives by [113]
Dµ 3 ig1Y Bµ → Dµ 3 ig1Y Bµ + i(g˜Y + g′1YBL)B′µ, (3.21)
where Bµ(Y ) and B′µ(YBL) are the gauge fields (quantum numbers) of U(1)Y and U(1)B−L, re-
spectively. The most economical extension with vanishing mixing between U(1)Y and U(1)B−L,
i.e., U(1)X = U(1)B−L and g˜ = 0 in Eq. (3.21), introduces three RH neutrinos and a new com-
plex scalar S that are all charged under the new gauge group but remain singlets under the SM
symmetries [114–116]. In this extension one can then construct the neutrino Yukawa interactions
LYI = −L¯L Y Dν H˜ NR −
1
2
YMν (N
c)L NR S + H.c. (3.22)
Once the Higgs S acquires the vacuum expectation value 〈S〉 = vS/
√
2, B − L is broken, sponta-
neously generating the RH Majorana mass matrix MN = YMν vS/
√
2 from Eq. (3.22).
It is interesting to note that the scalar vev provides a dynamical mechanism for the heavy, RH
Majorana mass generation, i.e., a Type I Seesaw via a Type II mechanism; see Sec. 4 for more
details. The Seesaw formula and the mixing between the SM charged leptons and heavy neutrinos
here are exactly the same as those in the canonical Type I Seesaw. The mass of neutral gauge
field B′µ, MZ′ = MZB−L = 2gBLvS , is generated from S’ kinetic term, (DµS)
† (DµS) with
DµS = ∂µS + i2gBLB
′
µS. Note that in the minimal model, gBL = g
′
1. As in other extended
scalar scenarios, the quadratic term H†HS†S in the scalar potential results in the SM Higgs H and
S interaction states mixing into two CP-even mass eigenstates, H1 and H2.
3.1.4 Type I+II Hybrid Seesaw in Left-Right Symmetric Model
As discussed in Sec. 3.1.2, it may be the case that light neutrino masses result from an interplay of
multiple Seesaw mechanisms. For example: the Type I+II hybrid mechanism with light neutrino
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masses given by Eq. (3.20). It is also worth observing two facts: First, in the absence of Majorana
masses, the minimum fermionic field content for a Type I+II Seesaw automatically obeys an acci-
dental global U(1)B−L symmetry. Second, with three RH neutrinos, all fermions can be sorted into
either SU(2)L doublets (as in the SM) or SU(2)R doublets, its RH analogue. As the hallmark of
the Type II model (see Sec. 4) is the spontaneous generation of LH Majorana masses from a scalar
SU(2)L triplet ∆L, it is conceivable that RH neutrino Majorana masses could also be generated
spontaneously, but from a scalar SU(2)R triplet ∆R. (This is similar to the spontaneous breaking
of U(1)B−L in Sec. 3.1.3.) This realization of the Type I+II Seesaw is known as the Left-Right
Symmetric Model (LRSM) [117–121], and remains one of the best-motivated and well-studied
extensions of the SM. For recent, dedicated reviews, see Ref. [63, 122, 123].
The high energy symmetries of the LRSM is based on the extended gauge group
GLRSM = SU(3)c ⊗ SU(2)L ⊗ SU(2)R ⊗U(1)B−L, (3.23)
or its embeddings, and conjectures that elementary states, in the UV limit, participate in LH and RH
chiral currents with equal strength. While the original formulation of model supposes a generalized
parity PX = P that enforces an exchange symmetry between fields charged under SU(2)L and
SU(2)R, it is also possible to achieve this symmetry via a generalized charge conjugation PX =
C [124]. For fermionic and scalar multiplets QL,R and Φ, the exchange relationships are [124],
P :
{
QL ↔ QR
Φ↔ Φ† , and C :
{
QL ↔ (QR)c
Φ↔ ΦT , where (QR)
c = Cγ0Q∗R. (3.24)
A non-trivial, low-energy consequence of these complementary formulations of the LRSM is the
relationship between the LH CKM matrix in the SM, V Lij , and its RH analogue, V
R
ij . For generalized
conjugation, one has |V Rij | = |V Lij |, whereas |V Rij | ≈ |V Lij |+O(mb/mt) for generalized parity [124–
128]. Moreover, LR parity also establishes a connection between the Dirac and Majorana masses
in the leptonic sector [129, 130]. Under generalized parity, for example, the Dirac (Y D1,2) and
Majorana (YL,R) Yukawa matrices must satisfy [130],
Y D1,2 = Y
D†
1,2 and YL = YR. (3.25)
Such relationships in the LRSM remove the arbitrariness of neutrino Dirac mass matrices, as dis-
cussed in Sec. 3.1.1, and permits one to calculate Ω, even for nonzero ∆L vev [129, 131]. However,
the potential cancellation between Type I and II Seesaw masses in Eq. 3.20 still remains.
In addition to the canonical formulation of the LRSM are several alternatives. For example:
It is possible to instead generate LH and RH Majorana neutrino masses radiatively in the absence
of triplet scalars [132, 133]. One can gauge baryon number and lepton number independently,
which, for an anomaly-free theory, gives rise to vector-like leptons and a Type III Seesaw mecha-
nism [134, 135] (see Sec. 5), as well as embed the model into anR-parity-violating Supersymmetric
framework [136, 137].
Despite the large scalar sector of the LRSM (two complex triplets and one complex bidoublet),
and hence a litany of neutral and charged Higgses, the symmetry structure in Eq. (3.23) confines
the number in independent degrees of freedom to 18 [122, 138]. These consist of three mass scales
µ1,...,3, 14 dimensionless couplings λ1,...,4, ρ1,...,4, α1,...,3, β1,...,3, and one CP-violating phase, δ2.
– 12 –
For further discussions on the spontaneous breakdown of CP in LR scenarios, see also Refs. [121,
139, 140]. With explicit CP conservation, the minimization conditions on the scalar potential give
rise to the so-called LRSM vev Seesaw relationship [138],
vL =
β2k
2
1 + β1k1k2 + β3k
2
2
(2ρ1 − ρ3)vR , (3.26)
where, vL,R and k1,2 are the vevs of ∆L,R and the Higgs bidoublet Φ, respectively, with v2L 
k21 + k
2
2 ≈ (246 GeV)2  vR.
In the LRSM, the bidoublet Φ fulfills the role of the SM Higgs to generate the known Dirac
masses of elementary fermions and permits a neutral scalar hi with massmhi ≈ 125 GeV and SM-
like couplings. In the absence of egregious fine-tuning, i.e., ρ3 6≈ 2ρ1, Eq. (3.26) suggests that vL in
the LRSM is inherently small because, in addition to k1, k2  vR, custodial symmetry is respected
(up to hypercharge corrections) when all βi are identically zero [141]. Consistent application of
such naturalness arguments reveals a lower bound on the scalar potential parameters [141],
ρ1,2,4 >
g2R
4
(
mFCNH
MWR
)2
, ρ3 > g
2
R
(
mFCNH
MWR
)2
+ 2ρ1 ∼ 6ρ1, (3.27)
α1,...,3 > g
2
R
(
mFCNH
MWR
)2
, µ21,2 > (mFCNH)
2, µ23 >
1
2
(mFCNH)
2, (3.28)
where MWR and gR are the mass and coupling of the W
±
R gauge boson associated with SU(2)R,
and mFCNH is the mass scale of the LRSM scalar sector participating in flavor-changing neutral
transitions. Present searches for neutron EDMs [125, 126, 142, 143] and FCNCs [143–147] re-
quire mFCNH > 10 − 20 TeV at 90% CL. Subsequently, in the absence of FCNC-suppressing
mechanisms, ρi > 1 for LHC-scale WR. Thus, discovering LRSM at the LHC may suggest a
strongly coupled scalar sector. Conversely, for ρi < 1 and mFCNH ∼ 15 (20) TeV, one finds
MWR & 10 (12) TeV, scales that are within the reach of future hadron colliders [141, 148, 149].
For more detailed discussions on the perturbativity and stability of the LRSM scalar section, see
Refs. [141, 146, 150–154] and references therein.
After ∆R acquires a vev and LR symmetry is broken spontaneously, the neutral component
of SU(2)R, i.e., W 3R, and the U(1)B−L boson, i.e., XB−L, mix into the massive eigenstate Z
′
LRSM
(sometimes labeled ZR) and the orthogonal, massless vector boson B. B is recognized as the
gauge field associated with weak hypercharge in the SM, the generators of which are built from the
remnants of SU(2)R and U(1)B−L. The relation between electric charge Q, weak left/right isospin
T 3L/R, baryon minus lepton number B-L, and weak hypercharge Y is given by
Q = T 3L + T
3
R +
(B − L)
2
≡ T 3L +
Y
2
, with Y = 2T 3R + (B − L). (3.29)
This in turn implies that the remaining components of SU(2)R,W 1R andW
2
R, combine into the state
W±R with electric charge Q
WR = ±1 and mass MWR = gRvR/
√
2. After EWSB, it is possible
for the massive WR and WL gauge fields to mix, with the mixing angle ξLR given by tan 2ξLR =
2k1k2/(v
2
R − v2L) . 2v2SM/v2R. Neutral meson mass splittings [124, 147, 155–158] coupled with
improved lattice calculations, e.g. [159, 160], Weak CPV [124, 158, 161], EDMs [124–126, 158],
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and CP violation in the electron EDM [129], are particularly sensitive to this mixing, implying
the competitive bound of MWR & 3 TeV at 95% CL [147]. This forces WL − WR mixing to
be, tan 2ξLR/2 ≈ ξLR . M2W /M2WR < 7 − 7.5 × 10−4. A similar conclusion can be reached
on Z − Z ′LRSM mixing. Subsequently, the light and heavy mass eigenstates of LRSM gauge
bosons, W±1 , W
±
2 , Z1, Z2, where MV1 < MV2 , are closely aligned with their gauge states. In
other words, to a very good approximation, W1 ≈ WSM, Z1 ≈ ZSM, W2 ≈ WR and Z ′ ≈
Z ′LRSM (or sometimes Z
′ ≈ ZR). The mass relation between the LR gauge bosons is MZR =√
2 cos2 θW / cos 2θWMWR ≈ (1.7) × MWR , and implies that bounds on one mass results in
indirect bounds on the second mass; see, for example, Ref. [162].
3.1.5 Heavy Neutrino Effective Field Theory
It is possible that the coupling of TeV-scale Majorana neutrinos to the SM sector is dominated by
new states with masses that are hierarchically larger than the heavy neutrino mass or the reach
of present-day collider experiments. For example: Scalar SU(2)R triplets in the Left-Right Sym-
metric Model may acquire vevs O(10) TeV, resulting in new gauge bosons that are kinematically
accessible at the LHC but, due toO(10−3− 10−2) triplet Yukawa couplings, give rise to EW-scale
RH Majorana neutrino masses. In such a pathological but realistic scenario, the LHC phenomenol-
ogy appears as a canonical Type I Seesaw mechanism despite originating from a different Seesaw
mechanism [163]. While it is generally accepted that such mimicry can occur among Seesaws, few
explicit examples exist in the literature and further investigation is encouraged.
For such situations, it is possible to parameterize the effects of super-heavy degrees of freedom
using the Heavy Neutrino Effective Field Theory (NEFT) framework [164]. NEFT is an extension
of the usual SM Effective Field Theory (SMEFT) [165–168], whereby instead of augmenting the
SM Lagrangian with higher dimension operators one starts from the Type I Seesaw Lagrangian in
Eq. (3.1) and builds operators using that field content. Including all SU(3) ⊗ SU(2)L ⊗ U(1)Y -
invariant, operators of mass dimension d > 4, the NEFT Lagrangian before EWSB is given by
LNEFT = LType I +
∑
d=5
∑
i
α
(d)
i
Λ(d−4)
O(d)i . (3.30)
Here,O(d)i are dimension d, Lorentz and gauge invariant permutations of Type I fields, and α(d)i 
4pi are the corresponding Wilson coefficients. The list ofO(d)i are known explicitly for d = 5 [169,
170], 6 [164, 170], and 7 [170–172], and can be built for larger d following Refs. [173–175].
After EWSB, fermions should then be decomposed into their mass eigenstates via quark and
lepton mixing. For example: among the d = 6, four-fermion contact operationsO(6)i that contribute
to heavy N production in hadron colliders (see Eq. (3.33)) in the interaction/gauge basis are [164]
O(6)V =
(
dγµPRu
)
(eγµPRNR) and O(6)S3 =
(
QγµPRNR
)
ε
(
LγµPRd
)
. (3.31)
In terms of light (νm) and heavy (Nm′) mass eigenstates and using Eq. (3.4), one can gener-
ically [66, 87] decompose the heavy neutrino interaction state N` as N` =
∑3
m=1X`mν
c
m +∑n
m′=1 Y`Nm′Nm′ , with |Y`Nm′ | of order the elements of UPMNS . Inserting this into the preceding
– 14 –
operators gives quantities in terms of leptonic mass eigenstates:
O(6)V =
3∑
m=1
(
dγµPRu
) (
`γµPR X`m ν
c
m
)
+
∑
m′=1
(
dγµPRu
) (
`γµPR Y`Nm′ Nm′
)
, and
O(6)S3 =
3∑
m=1
(
QγµPR X`mν
c
m
) (
`γµPRd
)
+
∑
m′=1
(
QγµPR Y`Nm′Nm′
) (
`γµPRd
)
. (3.32)
After EWSB, a similar decomposition for quarks gauge states in terms of CKM matrix elements and
mass eigenstates should be applied. For more information on such decompositions, see, e.g., [163]
and references therein. It should be noted that after integrating out the heavy N field, the marginal
operators at d > 5 generated from the Type I Lagrangian are not the same operators generated by
integrating the analogous Seesaw partner in the Type II and III scenarios [176, 177].
3.2 Heavy Neutrinos at Colliders
The connection between low-scale Seesaw models and colliders is made no clearer than in searches
for heavy neutrinos, both Majorana and (pseudo-)Dirac, in the context of Type I-based scenarios.
While extensive, the topic’s body of literature is still progressing in several directions. This is
particularly true for the development of collider signatures, Monte Carlo tools, and high-order
perturbative corrections. Together, these advancements greatly improve sensitivity to neutrinos
and their mixing structures at collider experiments.
We now review the various searches for L-violating collider processes facilitated by Majorana
neutrinos N . We start with low-mass (Sec. 3.2.1) and high-mass (Secs. 3.2.2 and 3.2.3) neutrinos
in the context of Type I-based hybrid scenarios, before moving onto Abelian (Sec. 3.2.4) and non-
Abelian (Sec. 3.2.5) gauge extensions, and finally the semi-model independent NEFT framework
(Sec. 3.2.6). Lepton number violating collider processes involving pseudo-Dirac neutrinos are, by
construction, suppressed [27, 178–181]. Thus, a discussion of their phenomenology is outside the
scope of this review and we refer readers to thorough reviews such as Refs. [94, 182, 183].
3.2.1 Low-Mass Heavy Neutrinos at pp and ee Colliders
For Majorana neutrinos below theMW mass scale, lepton number violating processes may manifest
in numerous ways, including rare decays of mesons, baryons, µ and τ leptons, and even SM elec-
troweak bosons. Specifically, one may discover L violation in three-body meson decays to lighter
mesons M±1 →M∓2 `±1 `±2 [66, 184–199], such as that shown in Fig. 5(a); four-body meson decays
to lighter mesons M±1 → M∓2 M03 `±1 `±2 [195, 196, 200–202]; four-body meson decays to leptons
M± → `±1 `±1 `∓2 ν [192, 193, 202–204]; five-body meson decays [202]; four-body baryon decays
to mesons, B →M`±1 `±2 [205]; three-body τ decay to mesons, τ± → `∓M±1 M±2 [195, 206, 207];
four-body τ decays to mesons, τ± → `±1 `±1 M∓ν [195, 206, 208–210]; four-body W boson de-
cays, W± → `±1 `±1 `∓2 ν [211–215]; Higgs boson decays, h → NN → `±1 `±2 + X [216–219]. and
even top quark decays, t → bW+∗ → b`+1 N → b`+1 `±2 qq′ [7, 211, 220, 221]. The W boson case
is notable as azimuthal and polar distributions [87] and endpoint kinematics [214] can differentiate
between L conservation and non-conservation. Of the various collider searches for GeV-scale N ,
great complementarity is afforded by B-factories. As shown in 5(b), an analysis of Belle I [45]
and LHCb Run I [46, 47] searches for L-violating final states from meson decays excluded [222]
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Figure 5. (a) B− meson decay to L-violating final state via heavy Majorana N [47]. (b) LHCb and Belle
I limits on |VµN |2 (labeled |Vµ4|2 in the figure) as a function of N mass after L = 3 fb−1 at 7-8 TeV
LHC [222].
|VµN |2 & 3 × 10−5 for MN = 1 − 5 GeV. Along these same lines, the observability of displaced
decays of heavy neutrinos [217, 223–227] and so-called “neutrino-antineutrino oscillations” [228–
231] (in analogy to B − B oscillations) and have also been discussed.
Indirectly, the presence of heavy Majorana neutrinos can appear in precision EW measure-
ments as deviations from lepton flavor unitarity and universality, and is ideally suited for e+e−
colliders [88–91, 183, 232, 233], such as the International Linear Collider (ILC) [234, 235], Cir-
cular e−e+ Collider (CepC) [236], and Future Circular Collider-ee (FCC-ee) [232]. An especially
famous example of this is the number of active, light neutrino flavors Nν , which can be inferred
from the Z boson’s invisible width ΓZInv. At lepton colliders, Γ
Z
Inv can be determined in two dif-
ferent ways: The first is from line-shape measurements of the Z resonance as a function of
√
s,
and is measured to be NLineν = 2.9840 ± 0.0082 [237]. The second is from searches for invisible
Z decays, i.e., e+e− → Zγ, and is found to be N Invν = 2.92 ± 0.05 [238]. Provocatively, both
measurements deviate from the SM prediction of NSMν = 3 at the 2σ level. It is unclear if devia-
tions from NSMν are the result of experimental uncertainty or indicate the presence of, for example,
heavy sterile neutrinos [224, 239]. Nonetheless, a futureZ-pole machine can potentially clarify this
discrepancy [224]. For investigations into EW constraints on heavy neutrinos, see Refs. [88–91].
3.2.2 High-Mass Heavy Neutrinos at pp Colliders
Collider searches for heavy Majorana neutrinos with masses above MW have long been of interest
to the community [240–243], with exceptionally notable works appearing in the early 1990s [96,
244–247] and late-2000s [66, 97, 248–253]. In the past decade, among the biggest advancements
in Seesaw phenomenology is the treatment of collider signatures for such hefty N in Type I-based
models. While coupled to concurrent developments in Monte Carlo simulation packages, the pro-
gression has been driven by attempts to reconcile conflicting reports of heavy neutrino production
cross sections for the LHC. This was at last resolved in Refs. [254, 255], wherein new, infrared-
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Figure 6. Born diagrams for heavy neutrino (N) production via (a) Drell-Yan, (b) gluon fusion, and (c)
electroweak vector boson fusion; from Ref. [256] and drawn using JaxoDraw [257].
and collinear- (IRC-)safe definitions for inclusive and semi-inclusive4 production channels were
introduced. The significance of such collider signatures is that they are well-defined at all orders
in αs, and hence correspond to physical observables. We now summarize this extensive body of
literature, emphasizing recent results.
For Majorana neutrinos with MN > MW , the most extensively studied [66, 105, 183, 230,
240, 241, 246, 248–253, 258] collider production mechanism is the L-violating, charged current
(CC) Drell-Yan (DY) process [240], shown in Fig. 6(a), and given by
q1 q2 →W±∗ → N `±1 , with N → `±2 W∓ → `±2 q′1 q′2. (3.33)
A comparison of Fig. 6(a) to the meson decay diagram of Fig. 5(a) immediately reveals that
Eq. (3.33) is the former’s high momentum transfer completion. Subsequently, much of the afore-
mentioned kinematical properties related to L-violating meson decays also hold for the CC DY
channel [87, 259]. Among the earliest studies are those likewise focusing on neutral current (NC)
DY production [241, 242, 245–247], again shown in Fig. 6(a), and given by
q q → Z∗ → N (−)ν` , (3.34)
as well as the gluon fusion mechanism [242, 245], shown in Fig. 6(b), and given by
g g → Z∗/h∗ → N (−)ν` . (3.35)
Interestingly, despite gluon fusion being formally an O(α2s) correction to Eq. (3.34), it is non-
interfering, separately gauge invariant, and the subject of renewed interest [255, 256, 260]. More-
over, in accordance to the Goldstone Equivalence Theorem [261, 262], the ggZ∗ contribution has
been shown [256, 260] to be as large as the ggh∗ contribution, and therefore should not be ne-
glected. Pair production of N via s-channel scattering [242, 246], e.g., gg → NN , or weak boson
4 A note on terminology: High-pT hadron collider observables, e.g., fiducial distributions, are inherently inclusive
with respect to jets with arbitrarily low pT . In this sense, we refer to hadronic-level processes with a fixed multiplicity
of jets satisfying kinematical requirements (and with an arbitrary number of additional jets that do not) as exclusive, e.g.,
pp → W± + 3j + X; those with a minimum multiplicity meeting these requirements are labeled semi-inclusive, e.g.,
pp→W±+ ≥ 3j +X; and those with an arbitrary number of jets are labeled inclusive, e.g., pp→W± +X . Due to
DGLAP-evolution, exclusive, partonic amplitudes convolved with PDFs are semi-inclusive at the hadronic level.
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Figure 7. Born diagrams for the O(α4) heavy neutrino (N) production process q1q2 → N`±q′1q′2 [254].
scattering [244, 247, 248], e.g., W±W∓ → NN , have also been discussed, but are relatively
suppressed compared to single production by an additional mixing factor of |V`Nm′ |2 . 10−4.
A recent, noteworthy development is the interest in semi-inclusive and exclusive production
of heavy neutrinos at hadron colliders, i.e., N production in association with jets. In particular,
several studies have investigated the semi-inclusive, photon-initiated vector boson fusion (VBF)
process [247, 254, 255, 263], shown in Fig. 6(c), and given by
q γ → N `± q′, (3.36)
and its deeply inelastic, O(α) radiative correction [247, 254, 255, 263–267],
q1 q2
Wγ+WZ→N`±−−−−−−−−−−→ N `± q′1 q′2. (3.37)
AtO(α4) (here we do not distinguish between α and αW ), the full, gauge invariant set of diagrams,
which includes the sub-leading W±Z → N`± scattering, is given in Fig. 7.
Treatment of the VBF channel is somewhat subtle in that it receives contributions from collinear
QED radiation off the proton [263], collinear QED radiation off initial-states quarks [254], and
QED radiation in the deeply inelastic/high momentum transfer limit [247]. For example: In the
top line of diagrams in Fig. 7, one sees that in the collinear limit of the q2 → γ∗q′2 splitting,
the virtual γ∗ goes on-shell and the splitting factorizes into a photon parton distribution func-
tion (PDF), recovering the process in Eq. (3.36) [254, 255]. As these sub-channels are different
kinematic limits of the same process, care is needed when combining channels so as to not dou-
ble count regions of phase space. While ingredients to the VBF channel have been known for
some time, consistent schemes to combine/match the processes are more recent [254, 255]. More-
over, for inclusive studies, Ref. [255] showed that the use of Eq. (3.36) in conjunction with a
γ-PDF containing both elastic and inelastic contributions [268] can reproduce the fully matched
calculation of Ref. [254] within the O(20%) uncertainty resulting from missing NLO in QED
terms. Neglecting the collinear q2 → γ∗q′2 splitting accounts for the unphysical cross sections
reported in Refs. [67, 263]. Presently, recommended PDF sets containing such γ-PDFs include:
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MMHT QED (no available lhaid) [268, 269], NNPDF 3.1+LUXqed (lhaid=324900) [270],
LUXqed17+PDF4LHC15 (lhaid=82200) [271, 272], and CT14 QED Inclusive (lhaid =
13300) [273]. Qualitatively, the MMHT [268] and LUXqed [271, 272] treatments of photon
PDFs are the most rigorous. In analogy to the gluon fusion and NC DY, Eq. (3.36) (and hence
Eq. (3.37)) is a non-interfering,O(α) correction to the CC DY process. Thus, the CC DY and VBF
channels can be summed coherently.
In addition to these channels, the semi-inclusive, associated n-jet production mode,
p p →W ∗ + ≥ nj + X → N `± + ≥ nj + X, for n ∈ N, (3.38)
has also appeared in the recent literature [255, 263, 274]. As with VBF, much care is needed to
correctly model Eq. (3.38). As reported in Refs. [255, 275], the production of heavy leptons in
association with QCD jets is nuanced due to the presence of additional t-channel propagators that
can lead to artificially large cross sections if matrix element poles are not sufficiently regulated.
(It is not enough to simply remove the divergences with phase space cuts.) After phase space
integration, these propagators give rise to logarithmic dependence on the various process scales.
Generically [275, 276], the cross section for heavy lepton and jets in Eq. (3.38) scales as:
σ(pp→ N`± + nj +X) ∼
n∑
k=1
αks(Q
2) log(2k−1)
(
Q2
q2T
)
. (3.39)
Here, Q ∼ MN is the scale of the hard scattering process, qT =
√|~qT |2, and ~qT ≡ ∑nk ~p jT,k,
is the (N`)-system’s transverse momentum, which recoils against the vector sum of all jet ~pT . It
is clear for a fixed MN that too low jet pT cuts can lead to too small qT and cause numerically
large (collinear) logarithms such that log(M2N/q
2
T )  1/αs(MN ), spoiling the perturbative con-
vergence of Eq. (3.39). Similarly, for a fixed qT , arbitrarily large MN can again spoil perturbative
convergence. As noted in Refs. [254, 255], neglecting this fact has led to conflicting predictions in
several studies on heavy neutrino production in pp collisions.
It is possible [255], however, to tune pT cuts on jets with varying MN to enforce the validity
of Eq. (3.39). Within the Collins-Soper-Sterman (CSS) resummation formalism [276], Eq. (3.39)
is trustworthy when αs(Q2) is perturbative and qT ∼ Q, i.e.,
log(Q/ΛQCD) 1 and αs(Q) log2(Q2/q2T ) . 1. (3.40)
Noting that at 1-loop αs(Q) can be written as 1/αs(Q) ≈ (β0/2pi) log(Q/ΛQCD), and setting
Q = MN , one can invert the second CSS condition and obtain a consistency relationship [255]:
qT = |~qT | =
∣∣∣∣∣
n∑
k=1
~p jT,k
∣∣∣∣∣ &MN × e−(1/2)√(β0/2pi) log(MN/ΛQCD). (3.41)
This stipulates a minimum qT needed for semi-inclusive processes like Eq. (3.39) to be valid in per-
turbation theory. When qT of the (N`)-system is dominated by a single, hard radiation, Eq. (3.41) is
consequential: In this approximation, qT ≈ |~p jT,1| and Eq. (3.41) suggests a scale-dependent, mini-
mum jet pT cut to ensure that specifically the semi-inclusive pp→ N`+ ≥ 1j+X cross section is
well-defined in perturbation theory. Numerically, this is sizable: for MN = 30 (300) [3000] GeV,
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Figure 8. Heavy neutrino (N) hadron collider production cross sections, divided by active-heavy mixing
|V`N |2, for various production modes as a function of (a) N mass at
√
s = 14 [255] and (b) collider energy
for representative MN (band thickness corresponds to residual scale uncertainty) [256].
one requires that |~p jT,1| & 9 (65) [540] GeV, or alternatively |~p jT,1| & 0.3 (0.22) [0.18] ×MN ,
and indicates that naı¨ve application of fiducial pjT cuts for the LHC do not readily apply for
√
s =
27-100 TeV scenarios, where one can probe much larger MN . The perturbative stability of this
approach is demonstrated by the (roughly) flat K-factor of KNLO ≈ 1.2 for the semi-inclusive
pp → N`± + 1j process, shown in the lower panel of Fig. 8(a). Hence, the artificially large N
production cross sections reported in Refs. [67, 263, 274] can be attributed to a loss of pertur-
bative control over their calculation, not the presence of an enhancement mechanism. Upon the
appropriate replacement of MN , Eq. (3.41) holds for other color-singlet processes [255], including
mono-jet searches, and is consistent with explicit pT resummations of high-mass lepton [275] and
slepton [277, 278] production.
A characteristic of heavy neutrino production cross sections is that the active-sterile mixing,
|V`N |, factorizes out of the partonic and hadronic scattering expressions. Exploiting this one can
define [248] a “bare” cross section σ0, given by
σ0(pp→ N +X) ≡ σ(pp→ N +X)/|V`N |2. (3.42)
Assuming resonant production of N , a similar expression can be extracted at the N decay level,
σ0(pp→ `±1 `±2 +X) ≡ σ(pp→ `±1 `±2 +X)/S`1`2 , S`1`2 =
|V`1N |2|V`2N |2∑τ
`=e |V`N |2
. (3.43)
These definitions, which hold at higher orders in αs [255, 275], allow one to make cross section
predictions and comparisons independent of a particular flavor model, including those that largely
conserve lepton number, such as the inverse and linear Seesaws. It also allows for a straightforward
reinterpretation of limits on collider cross sections as limits on S`1`2 , or |V`N | with additional but
– 20 –
 [GeV]Nm
100 200 300 400 500 600 700
µµS
-510
-410
-310
-210
-1
, 100 fbσ2
-1
, 1 abσ2
 14 TeV LHC±µ±µ
(a)
 [GeV]Nm
100 200 300 400 500 600 700
]  
   
-
1
In
te
gr
at
ed
 L
um
in
os
ity
 [f
b
1
10
210
310
σ3
←
←
σ5
←
←
 14 TeV LHC±µ±µ
(b)
 [GeV]Nm
200 400 600 800 1000 1200
µµS
-410
-310
-210
-1
, 100 fbσ2
-1
, 1 abσ2
 100 TeV VLHC±µ±µ
(c)
 [GeV]Nm
200 400 600 800 1000 1200
]  
   
-
1
In
te
gr
at
ed
 L
um
in
os
ity
 [f
b
1
10
210
310
σ3
←
←
σ5
←
←
 100 TeV VLHC±µ±µ
(d)
Figure 9. At 14 TeV and as a function of MN , (a) the 2σ sensitivity to S``′ for the pp → µ±µ± + X
process. (b) The required luminosity for a 3 (dash-circle) and 5σ (dash-star) discovery in the same channel
(c,d) Same as (a,b) but for 100 TeV [254].
generic assumptions. An exception to this factorizablity is the case of nearly degenerate neutrinos
with total widths that are comparable to their mass splitting [228, 249, 279, 280].
Figure 8 shows a comparison of the leading, single N hadronic production cross sections,
divided by active-heavy mixing |V`N |2, as a function of (a) heavy neutrino mass MN at
√
s =
14 [255] and (b) collider energy
√
s up to 100 TeV for MN = 500, 1000 GeV [256]. The various
accuracies reported reflect the maturity of modern Seesaw calculations. Presently, state-of-the-art
predictions for single N production modes are automated up to NLO+PS in QCD for the Drell-
Yan and VBF channels [255, 281], amongst others, and known up to N3LL(threshold) for the
gluon fusion channel [256]. With Monte Carlo packages, predictions are available at LO with
multi-leg merging (MLM) [251, 255, 282, 283] as well as up to NLO with parton shower match-
ing and merging [255, 283]. The NLO in QCD-accurate [284], HeavyNnlo universal Feyn-
Rules object (UFO) [285] model file is available from Refs. [255, 283]. Model files built using
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Figure 10. 8 TeV LHC limits on neutrino mixing |V`N |2 from searches for pp → `±1 `±2 + nj at (a)
ATLAS [52] and (b) CMS [50] with L ≈ 20 fb−1 of data.
FeynRules [285–287] construct and evaluate L-violating currents following the Feynman rules
convention of Ref. [288]. A brief comment is needed regarding choosing MLM+PS or NLO+PS
computations: To produce MLM Monte Carlo samples, one must sum semi-inclusive channels with
successively higher leg multiplicities in accordance with Eqs. (3.39)-(3.41) and correct for phase
space double-counting. However, such MLM samples are formally LO in O(αs) because of miss-
ing virtual corrections. NLO+PS is formally more accurate, under better perturbative control (due
to explicit cancellation of infrared singularities), and thus is recommended for modeling heavy N
at colliders. Such computations are possible with modern, general-purpose event generators, such
as Herwig [289], MadGraph5 aMC@NLO [290], and Sherpa [291].
At the 13 and 14 TeV LHC, heavyN production is dominated by charged-current mechanisms
for phenomenologically relevant mass scales, i.e., MN . 700 GeV [254]. At more energetic col-
liders, however, the growth in the gluon-gluon luminosity increases the gg → Nν cross section
faster than the CC DY channel. In particular, at
√
s = 20 − 30 TeV, neutral-current mechanisms
surpass charged-current modes for heavy N production with MN = 500 − 1000 GeV [256]. As
seen in the sub-panel of Fig. 8(a), NLO in QCD contributions only modify inclusive, DY-type
cross section normalizations by +20-to-+30% and VBF negligibly, indicating that the prescrip-
tions of Ref. [255] are sufficient to ensure perturbative control over a wide-range of scales. One
should emphasize that while VBF normalizations do not appreciably change under QCD correc-
tions [292], VBF kinematics do change considerably [255, 293–295]. The numerical impact, how-
ever, is observable-dependent and can be large if new kinematic channels are opened at higher
orders of αs. In comparison to this, the sub-panel of Fig. 8(b) shows that QCD corrections to gluon
fusion are huge (+150-to-+200%), but convergent and consistent with SM Higgs, heavy Higgs,
and heavy pseudoscalar production [296–298]; for additional details, see Ref. [256].
With these computational advancements, considerable collider sensitivity to L-violating pro-
cesses in the Type I Seesaw has been reached. In Fig. 9 is the expected sensitivity to active-sterile
neutrino mixing via the combined CC DY+VBF channels and in same-sign µ±µ± + X final-
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Figure 11. Born diagrams for DIS heavy neutrino (N) production via (a) W -exchange and (b) Wγ
fusion. 90% CL active-sterile mixing |θ|2 (or |V`N |2) sensitivity versus integrated luminosity at DIS ex-
periment assuming (c) ep configuration with Ee = 150 GeV and (d) µp configuration with Eµ = 2 TeV;
red (blue) [black] line in (c,d) correspond to MN = 250 (500) [750] GeV, whereas the solid/dotted lines are
the sensitivities with/without cuts [302].
state. With L = 1 ab−1 of data for MN > MW at
√
s = 14 (100) TeV, one can exclude at 2σ
Sµµ ≈ |VµN |2 & 10−4 (10−5) [254]. This is assuming the 2013 Snowmass benchmark detector
configuration for
√
s = 100 TeV [299]. Sensitivity to the e±e± and e±µ± channels is comparable,
up to detector (in)efficiencies for electrons and muons. As shown in Fig. 10, with L ≈ 20 fb−1 at
8 TeV, the ATLAS and CMS experiments have excluded at 95% CLs |V`N |2 & 10−3 − 10−1 for
MN = 100 − 450 GeV [48–52]. For heavier MN , quarks from the on-shell W boson decay can
form a single jet instead of the usual two-jet configuration. In such cases, well-known “fat jet” tech-
niques can be used [300, 301]. Upon discovery of L-violating processes involving heavy neutrinos,
among the most pressing quantities to measure are N ’s chiral couplings to other fields [87, 259],
its flavor structure [129, 228, 230, 258], and a potential determination if the signal is actually made
of multiple, nearly degenerate N [105, 229].
3.2.3 High-Mass Heavy Neutrinos at ep Colliders
Complementary to searches for L violation in pp collisions are the prospects for heavy N pro-
duction at ep deeply inelastic scattering (DIS) colliders [183, 302–309], such as proposed Large
Hadron-electron Collider (LHeC) [310], or a µp analogue [302]. As shown in Fig. 11, DIS pro-
duction of Majorana neutrinos can occur in multiple ways, including (a) W exchange and (b) Wγ
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fusion. For treatment of initial-state photons from electron beams, see Ref. [311]. Search strate-
gies for Majorana neutrinos at DIS experiments typically rely on production via the former since
eγ → NW associated production can suffer from large phase space suppression, especially at
lower beam energies. On the other hand, at higher beam energies, the latter process can provide
additional polarization information on N and its decays [183].
At DIS facilities, one usually searches for L violation by requiring that N decays to a charged
lepton of opposite sign from the original beam configuration, i.e.,
`±1 qi → N qf , with N → `∓2 W± → `∓2 q q′, (3.44)
which is only possible of N is Majorana and is relatively free of SM backgrounds. As in the pp
case, the existence of a high-pT charged lepton without accompanying MET (at the partonic level)
greatly reduces SM backgrounds. At the hadronic level, this translates to requiring one charged
lepton and three high-pT jets: two that arise from the decay of N , which scale as p
j
T ∼MN/4, and
the third from theW exchange, which scales as pjT ∼MW /2. However, it was recently noted [312]
that tagging this third jet is not necessary to reconstruct and identify the heavy neutrino, and that
a more inclusive search may prove more sensitive. Although Eq. (3.44) represents the so-called
“golden channel”, searches for N → Z/h + ν decays, but which do not manifestly violate lepton
number, have also been proposed [308].
While the lower beam energies translate to a lower mass reach forMN , large luminosity targets
and relative cleaner hadronic environment result in a better sensitivity than the LHC to smaller
active-sterile mixing for smaller neutrino Majorana masses. In Fig. 11, one sees the expected 90%
CL active-sterile mixing |θ|2 (or |V`N |2) sensitivity assuming (c) ep configuration with Ee = 150
GeV and (d) µp configuration with Eµ = 2 TeV. For L ∼ O(100) fb−1, one can probe |V`N |2 ∼
10−5 − 10−3 for MN = 250− 750 GeV [302].
3.2.4 Heavy Neutrinos and U(1)X Gauge Extensions at Colliders
Due to the small mixing between the heavy neutrinos and the SM leptons in minimal Type I Seesaw
scenarios, typically of the order |V`N |2 ∼ O(mν/MN ), the predicted rates for collider-scale lepton
number violation is prohibitively small. With a new gauge interaction, say, from U(1)B−L, the
gauge boson Z ′ = ZBL can be produced copiously in pp and pp¯ collisions via gauge interactions
in quark annihilation [113, 314–320] and at Linear Colliders in e+e− annihilation [318, 321–323],
qq¯ → Z ′ → NN and e+e− → Z ′ → NN. (3.45)
ZBL’s subsequent decay to a pair of heavy Majorana neutrinos may lead to a large sample of events
without involving the suppression from a small active-sterile mixing angles [93, 324–331]. As a
function of MZBL , Fig. 12(a) shows the NLO+NLL(Thresh.) pp → ZBL → `+`− production
and decay rate for
√
s = 13 TeV and representative values of coupling gBL. As a function of
Majorana neutrino mass MN1 , Fig. 12(b) shows the LO pp→ ZBL → NN production and decay
rate for
√
s = 14 TeV and 100 TeV and representative MZBL . As N is Majorana, the mixing-
induced decays modes N → `±W∓, νZ, νh open for MN1 > MW ,MZ ,Mh, respectively. Taking
these into account, followed by the leptonic and/or hadronic decays of W , Z and h, the detectable
signatures include the lepton number violating, same-sign dileptons, NN → `±`±W∓W∓ →
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Figure 12. (a) The total cross section of pp → ZBL → `+`− as a function of for various representative
values of gBL at NLO+NLL(thresh.) for
√
s = 13 TeV [313]. (b) The total cross section of pp→ Z ′ → NN
as a function of MN for MZ′ = 1, 2, 3 TeV, vS = 8 TeV, with
√
s = 14 TeV and 100 TeV.
`±`± + nj [93, 301]; final states with three charged leptons, `±`±`∓ + nj+MET [326, 331, 332];
and four-charged lepton, `±`±`∓`∓+MET [325, 333]. Assuming that only the third generation
fermions are charged under B − L symmetry, the HL-LHC can probe Z ′ mass up to 2.2 TeV and
heavy neutrino mass in the range of 0.2− 1.1 TeV as shown in Fig. 13 [301].
For super-heavy ZBL, e.g., MZBL & 5 TeVMN , one should note that at the 13 TeV LHC,
a nontrivial contribution of the total pp→ ZBL → NN cross section comes from the kinematical
threshold region, where the (NN) system’s invariant mass is near mNN ∼ 2MN and Z∗BL is far
off-shell. This implies that the L-violating process pp → NN → `±`± + nj can still proceed
despite ZBL being kinematically inaccessible [163]. For more details, see Sec. 3.2.6. Additionally,
for such heavy ZBL that are resonantly produced, the emergent N are highly boosted with Lorentz
factors of γ ∼ MZBL/2MN . For MN  MZBL , this leads to highly collimated decay products,
with separations scaling as ∆R ∼ 2/γ ∼ 4MN/MZBL , and eventually the formation of lepton
jets [225, 334], i.e., collimated clusters of light, charged leptons and electromagnetic radiation, and
neutrino jets [141, 301, 312, 335], i.e., collimated clusters of electromagnetic and hadronic activity
from decays of high-pT heavy neutrinos.
Leading Order-accurate Monte Carlo simulations for tree-level processes involving Z ′ bosons
and heavy neutrinos inU(1)X theories are possible using the SM+B-L FeynRules UFO model [326,
336, 337]. At NLO+PS accuracy, Monte Carlo simulations can be performed using the Effective
LRSM at NLO in QCD UFO model[312, 338], and, for light, long-lived neutrinos and arbitrary
Z ′ boson couplings, the SM + W’ and Z’ at NLO in QCD UFO model [339, 340].
In B −L models, heavy neutrino pairs can also be produced through the gluon fusion process
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Figure 13. HL-LHC sensitivity for pp → Z ′ → NN with √s = 14 TeV for (a) L = 300 fb−1 and for (b)
L = 3000 fb−1, assuming MN = MZ′/4 and g′1 = 0.6 [301].
mediated by the two H1 and H2 [331, 341–343], and given by
gg → H1, H2 → NN. (3.46)
For long-lived heavy neutrinos with MN . 200 GeV, this process becomes important compared
to the channel mediated by Z ′. Fig. 14 (a) shows that for MH2 < 500 GeV, MN < 200 GeV, and
MZ′ = 5 TeV, the cross section σ(pp→ H2 → NN) can be above 1 fb at the
√
s = 13 TeV LHC.
For MN < 60 GeV, decays of the SM-like Higgs H1 also contributes to neutrino pair production.
Summing over the contributions via H1 and H2 the total cross section can reach about 700 fb for
MH2 < 150 GeV as shown in Fig. 14 (b).
Owing to this extensive phenomenology, collider experiments are broadly sensitive to Z ′
bosons from U(1)BL gauge theories. For example: Searches at LEP-II have set the lower bound of
MZ′/gBL & 6 TeV [315]. For more generic Z ′ (including ZR in LRSM models), comparable lim-
its from combined LEP+EW precision data have been derived in Ref. [344, 345]. Direct searches
for a Z ′ with SM-like couplings to fermions exclude MZ′ < 2.9 TeV at 95% CLs by ATLAS [346]
and CMS [347] at
√
s = 8 TeV. ZBL gauge bosons with the benchmark coupling g′1 = gBL are
stringently constrained by searches for dilepton resonances at the LHC, with MZ′ . 2.1 − 3.75
TeV excluded at 95% CLs for gBL = 0.15 − 0.95, as seen in Fig. 12(a) [313]. Searches for Z ′
decays to dijets at the LHC have exclude MZ′ < 1.5− 3.5 TeV for gBL = 0.07− 0.27 [348, 349].
Fig. 15 (a) shows that ATLAS excludes MZ′ < 4.5 TeV at
√
s = 13 TeV. Further constraints are
given in the plane of coupling strength γ′ = gBL/gZ vs. MZ′ by ATLAS at
√
s = 13 TeV with
36.1 fb−1 [350] as shown in the lower curve of Fig. 15(b). For
√
s = 27 TeV, early projections
show that with L = 1 (3) ab−1, MZ′ . 19 (20) TeV can be probed in the dijet channel [351].
3.2.5 Heavy Neutrinos and the Left-Right Symmetric Model at Colliders
In addition to the broad triplet scalar phenomenology discussed later in Sec. 4.2, the LRSM predicts
at low scales massive W±R and ZR gauge bosons that couple appreciably to SM fields as well
as to heavy Majorana neutrinos N . The existence of these exotic states leads to a rich collider
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Figure 14. (a) Contour of the cross section for pp → H2 → NN with
√
s = 13 TeV in the plane of MH2
vs. MN for MZ′ = 5 TeV and g′1 = 0.65; (b) the same but for pp → H1, H2 → NN with
√
s = 13 TeV
and MN < MW [331].
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Figure 15. (a) Exclusion limit on pp → Z ′ → `+`− by ATLAS at √s = 13 TeV with 36.1 fb−1; (b) 13
TeV upper limit at 95% CL on the coupling strength γ′ = gBL/gZ as a function of MZ′ [350].
phenomenology that we now address, focusing, of course, on lepton number violating final states.
The collider phenomenology for ZR searches is very comparable to that for Z ′ gauge bosons in
U(1)X theories [93, 324–331], and thus we refer readers to Sec. 3.2.4 for more generic collider
phenomenology.
In the LRSM, for MN < MWR or MN < MZR/2, the most remarkable collider processes
are the single and pair production of heavy Majorana neutrinos N through resonant charged and
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Figure 16. Born-level diagrams depicting resonant WR, N production and decay to same-sign leptons in
LRSM via (a) successive right-handed currents and (b) mixed right- and left-handed currents.
neutral SU(2)R currents,
qq′ →W±R → Ni `± and qq′ → ZR → Ni Nj . (3.47)
As first observed in Ref. [240], Ni can decay into L-violating final-states, giving rise to the collider
signatures,
pp→W±R → Ni `± → `±1 `±2 + nj and pp→ ZR → Ni Nj → `±1 `±2 + nj. (3.48)
In the minimal/manifest LRSM, the decay of Ni proceeds primarily via off-shell three-body right-
handed currents, as shown in Fig. 16(a), due to mixing suppression to left-handed currents. In a
generic LRSM scenario, the naı¨ve mixing suppression of |V`N |2 ∼ O(mν/MN ) is not guaranteed
due to the interplay between the Types I and II Seesaws, e.g., as in Refs [228, 230]. (However,
heavy-light neutrino mixing in the LRSM is much less free than in pure Type I scenarios due to
constraints on Dirac and RH masses from LR parity; see Sec. 3.1.4 for more details.) Subsequently,
if |V`N | is not too far from present bounds (see, e.g., [91]), then decays of Ni to on-shell EW
bosons, as shown in Fig. 16(b), can occur with rates comparable to decays via off-shell W ∗R [87].
The inverse process [352], i.e., Ni production via off-shell EW currents and decay via off-shell
RH currents as well as vector boson scattering involving t-channel WR and ZR bosons [353] are
in theory also possible but insatiably phase space-suppressed. For MN > MWR ,MZR , resonant
N production via off-shell SU(2)R currents is also possible, and is analogous to the production
through off-shell, SU(2)L currents in Eqs. (3.33)-(3.34). As MWR ,MZR are bound to be above
a few-to-several TeV, the relevant collider phenomenology is largely the same as when MN <
MWR ,MZR [144], and hence will not be individually discussed.
Aside from the mere possibility of L violation, what makes these channels so exceptional, if
they exist, are their production rates. Up to symmetry-breaking corrections, the RH gauge coupling
is gR ≈ gL ≈ 0.65, which is not a small number. In Fig. 17, we show for
√
s = 13 and 100 TeV the
production rate for resonant WR at various accuracies as a function of mass [141]; rates for ZR are
marginally smaller due to slight coupling suppression. As in other Seesaw scenarios, much recent
progress has gone into advancing the precision of integrated and differential predictions for the
LRSM: The inclusive production ofWR and ZR are now known up to NLO+NNLL(Thresh) [141],
– 28 –
 [GeV]VM
1 2 3 4 5
 
[fb
]
σ
1−10
1
10
210
310
410
13 TeV LHC
 + X±R W→pp
LO→
NLO
→
w./ PDF Unc.
NLO + NNLL
←
PRD94, 095016 (2016) [1607.03504]
Mitra, et. al.,
 [TeV]
RW
M
1 2 3 4 5
 
 
 
 
 
LO
σ
 
/ 
σ 0.5
1
1.5
2
2.5 NLO+NNLL w./ PDF Unc.→
NLO w./ PDF Unc.
(a)
 [GeV]VM
10 20 30
 
[fb
]
σ
2−10
1−10
1
10
210
310
410
510
610
100 TeV VLHC
 + X±R W→pp
→LO
←
NLO
←
w./ PDF Unc.
NLO + NNLL
 [TeV]
RW
M
10 20 30
 
 
 
 
 
LO
σ
 
/ 
σ 1
1.2
1.4
1.6 NLO+NNLL w/. PDF Unc.→ NLO w/. PDF Unc.→
(b)
Figure 17. Upper panel: As a function of MWR , pp → WR production cross section for
√
s = (a) 13 and
(b) 100 TeV, at LO (solid), NLO (dash), and NLO+NNLL (dash-dot) with 1σ PDF uncertainty (shaded);
Lower: NLO (dash) and NLO+NNLL (dash-dot) K-factors and PDF uncertainties [141].
automated at NLO+NLL(Thresh+kT ) [354, 355], automated at NNLO [356, 357], and differen-
tially has been automated at NLO with parton shower matching for Monte Carlo simulations [312].
For
√
τ0 = MWR/ZR/
√
s & 0.3, threshold corrections become as large as (N)NLO correc-
tions, which span roughly +20% to +30%, and have an important impact cross section nor-
malizations [141, 358]. For example: The inclusive WR cross section at LO (NLO+NNLL) for
MWR = 5 TeV is σ ∼ 0.7 (1.7) fb. After L = 1 ab−1 and assuming a combined branching-
detection efficiency-selection acceptance of BR×ε × A = 2%, the number of observed events is
N ∼ 14 (34). For simple Gaussian statistics with a zero background hypothesis, this is the differ-
ence between a 6σ “discovery” and 4σ “evidence”. Clearly, the HL-LHC program is much more
sensitive to ultra-high-mass resonances than previously argued.
For the collider processes in Eq. (3.48), such estimations of branching, acceptance/selection,
and background rates resemble actual rates; see, e.g., [87, 141, 240, 352, 353, 359–361]. For
MWR , MZR  MN , one finds generically that BR(WR → `±Ni) ∼ 1/(1 + 3Nc) ∼ O(10%),
BR(ZR → NiNj) ∼ O(10%), and, for the lightest heavy Ni in this limit, BR(N1 → `±X) ∼
O(100%). Trigger rates for multi-TeV, stable charged leptons (e, µ) at ATLAS and CMS exceed
80% − 95%, but conversely, the momentum resolution for such energetic muons is severely de-
graded; for additional information, see [52, 362–364] and references therein. As in searches for
Majorana neutrinos in the previous Type I-based scenarios, the final-states in Eq. (3.48) possess
same-sign, high-pT charged leptons without accompanying MET at the partonic level [240, 248,
359]. For the LRSM, this is particularly distinct since the kinematics of the signal process scale
with the TeV-scale WR and ZR masses. Accordingly, top quark and EW background processes
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Figure 18. Discovery potential at 14 TeV LHC of WR and N in (a) the minimal LRSM as in Fig. 16(a)
after L = 30 fb−1 [360] and (b) the agnostic mixing scenario as in Fig. 16(b) [87].
that can mimic the fiducial collider definition correspondingly must carry multi-TeV system in-
variant masses, and are inherently more phase space suppressed than the signal processes at the
LHC [359]. Consequently, so long as MN . MWR , MZR 
√
s, s-channel production of WR
and ZR remains the most promising mechanism for discovering L violation in the LRSM at hadron
colliders. In Fig. 18 we show the discovery potential at 14 TeV LHC of WR and N in (a) the
minimal LRSM as in Fig. 16(a) after L = 30 fb−1 [360] and (b) the agnostic mixing scenario as
in Fig. 16(b) [87]. Final-states involving τ leptons are also possible, but inherently suffer from the
difficult signal event reconstruction and larger backgrounds due to partonic-level MET induced by
τ decays [365].
Unfortunately, direct searches at the
√
s = 7/8 TeV LHC via the DY channels have yielded
no evidence for lepton number violating processes mediated by WR and ZR gauge bosons from
the LRSM [52, 300, 363, 366]. As shown in Fig. 19, searches for WR/ZR in the e±e± + nj and
µ±µ±+nj final state have excluded, approximately, MWR/ZR . 1.5−2.5 TeV andMN . 2 TeV.
However, sensitivity to the e±e± + nj greatly diminishes for MN MWR/ZR .
Interestingly, for MN  MWR ,MZR , decays of N become highly boosted and its decay
products, i.e., `±2 qq′, become highly collimated. In such cases, the isolation criterion for electrons
(and some muons) in detector experiments fail, particularly when
√
rN = MN/MWR < 0.1 [52,
87, 141, 359]. Instead of requiring the identification of two well-isolated charged leptons for the
processes given in Eq. (3.48), one can instead consider the N -decay system as a single, high-pT
neutrino jet [141, 312]. The hadronic-level collider signature is then
pp→WR → `± N → `± jN , (3.49)
where the neutrino jet jN is comprised of three “partons”, (`2, q, q′), with an invariant mass of
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Figure 19. 95% CL exclusion of the (MV ,MN ) parameter space by the ATLAS experiment at
√
s = 8 for
V = WR (top) and V = ZR (bottom) production in the (L) e±e± + nj and (R) µ±µ± + nj final state [52].
mj ∼ MN . (Neutrino jets are distinct from so-called “lepton jets” [225], which are built from
collimated charged leptons and largely absent of hadrons.) This alternative topology for MN 
MWR recovers the lost sensitivity of the same-sign dilepton final state, as seen in Fig. 20. Inevitably,
for N masses below the EW scale, rare L-violating decay modes also of SM particles open. In
particular, for MN below the top quark mass mt, one has the rare decay mode, t → bW+∗R →
b`+1 N → b`+1 `±2 qq′ [220]. Such processes, however, can be especially difficult to distinguish from
rare SM processes, e.g., t→Wb`+`− [367], particularly due to the large jet combinatorics.
For too small MN/MWR ratio, the lifetime for N , which scales as τN ∼ M4WR/M5N , can
become quite long. In such instances, the decays of N are no longer prompt and searches for pp→
WR → N` map onto searches for Sequential Standard Model W ′ bosons [339, 368]. Likewise,
searches for L-violating top quark decays become searches for RH currents in t → b` 6pT decays.
For intermediate lifetimes, displaced vertex searches become relevant [223, 228, 230, 335, 369].
Another recent avenue of exploration is the reassessment for resonant production of WR and
ZR in Eq. (3.48). In the limit where MWR &
√
s but MN 
√
s, resonant production of N ,
and hence a lepton number violating final state, is still possible despite WR being kinematically
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Figure 20. Discovery (a,b) and 95% CL exclusion (c,d) potential of neutrino jet searches, i.e., pp→WR →
e±jN , at (a,c)
√
s = 13 and (b,d) 100 TeV. Also shown in (c,d), ATLAS experiment’s 8 TeV 95% CL [52]
and KamLAND-Zen 90% CL [36, 370] exclusion limits. Figure from Ref. [141].
inaccessible [163]. In such cases, N is produced near mass threshold with pNT ∼ MN instead
of the usual pNT ∼ MWR/2. The same-sign leptons discovery channel is then kinematically and
topologically identical to Type I Seesaw searches, and hence is actively searched for at the LHC,
despite this kinematic regime not being well-studied in the literature. Reinterpretation of observed
and expected sensitivities at the 14 and 100 TeV LHC are shown in Fig. 21. One sees that with the
anticipated cache of LHC data, MWR . 9 TeV can be excluded for MN . 1 TeV.
In addition to the aforementioned DY and VBF channels, there has been recent attention [312,
353, 371, 372] given to the production of LRSM scalar and vector bosons in association with heavy
flavor quarks, e.g.,
g
(−)
b →
(−)
t W±R or
(−)
t H±R and gg → ttZR or ttH0R. (3.50)
As in the SM, such processes are critical in measuring the couplings of gauge bosons to quarks as
well as determining heavy flavor PDFs. However, also as in the SM, care is needed in calculating
the rates of these processes when MR  mb, mt. Here, MR is generically the mass of the RH
– 32 –
scalar or vector boson. As discussed just after Eq. (3.38), it has been noted recently in Ref. [312]
that such associated processes possess logarithmic dependence on the outgoing top quarks’ kine-
matics, i.e., that the inclusive cross section scales as σ ∼ αks log2k−1
(
M2R/(m
2
t + p
t 2
T )
)
. Subse-
quently, forMR & 1−2 TeV, these logarithms grow numerically large since log2(M2R/m2t ) & 1/αs
and can spoil the perturbativity convergence of fixed order predictions. For example, the (N)NLO
K-factor of K(N)NLO & 1.6− 2.0 claimed in Ref. [353] indicate a loss of perturbative control, not
an enhancement, and leads to a significant overestimation of their cross sections. As in the case of
EW boson production in association with heavy flavors [373, 374], the correct treatment requires ei-
ther a matching/subtraction scheme with top quark PDFs to remove double counting of phase space
configurations [375, 376] or kinematic requirements on the associated top quarks/heavy quark jets,
e.g., Eq. (3.41) [255].
In all of these various estimates for discovery potential, it is important to also keep in mind
what can be learned from observing L violation and LR symmetry at the LHC or a future collider,
including ep machines [312, 377–383]. Primary goals post-discovery include: determination of
WR and ZR chiral coupling to fermions [87, 129, 384], which can be quantified for quarks and
leptons independently [87], determination of the leptonic and quark mixing [129, 130, 228, 230,
385–388], as well as potential CP violation [228, 230, 387–389]. We emphasize that the discovery
of TeV-scale LRSM could have profound implications on high-scale baryo- and leptogenesis [10,
390–393] as well as searches for 0νββ [129, 162, 386, 394, 395]. The latter instance is particularly
noteworthy as the relationship between meeν and mν1 in the LRSM is different because of the new
mediating fields [386].
We finish this section by noting our many omissions, in particular: supersymmetric extensions
of the LRSM, e.g., [396, 397]; embeddings into larger internal symmetry structures, e.g., [361,
398]; as well as generic extensions with additional vector-like or mirror quarks, e.g., [361, 399].
While each of these extensions have their phenomenological uniquenesses, their collider signatures
are broadly indistinguishable from the minimal LRSM scenario. With regard to Type I-based See-
saws in extra dimensional frameworks, it is worthwhile to note that it has recently [400–402] been
observed that in warped five-dimensional models, a more careful organization of Kaluza-Klein
states and basis decomposition results in an inverse Seesaw mechanism as opposed to a canonical
Type I-like Seesaw mechanism, as conventionally believed. Again, this leads to greatly suppressed
L violation at collider experiments.
3.2.6 Heavy Neutrino Effective Field Theory at Colliders
As discussed in Sec. 3.1.5, the production and decay of Majorana neutrinos in colliders may oc-
cur through contact interactions if mediating degrees of freedom are much heavier than the hard
scattering process scale. Such scenarios have recently become a popular topic [163, 171, 172, 218,
305, 403–406], in part because of the considerable sensitivity afforded by collider experiments.
This is particularly true for L-violating final-states in pp collisions, which naturally have small
experimental backgrounds. As shown in Fig. 22, for various operators, searches for L-violating
process pp → N`±1 → `±1 `±2 + X by the ATLAS and CMS experiments have set wide limits on
the effective mass scale of Λ > 1 − 5 TeV for MN = 100 GeV−4.5 TeV [59, 163, 403]. Projec-
tions for
√
s = 14 (100) TeV after L = 1 (10) ab−1 show that Λ . 9 (40) TeV can be achieved
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Figure 21. (a) As a function ofMN and for right-left coupling ratio κR = gR/gL, the observed 8 TeV LHC
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Figure 22. Observed limits and expected sensitivities at current and future hadron collider experiments
on NEFT mass scale Λ for low-mass [163] and high-mass [59] Majorana neutrinos N via the L-violating
pp→ `±1 `±2 +X .
[163]. These search strategies are also applicable for the more general situation where L violation
is mediated entirely via SMEFT operators [176, 177] as introduced in Sec. 3.1.5.
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4 The Type II Seesaw and Lepton Number Violation at Colliders
In this section we review lepton number violating collider signatures associated with the Type
II Seesaw mechanism [14–18, 407] and its extensions. The Type II model is unique among the
original tree-level realizations of the Weinberg operator in that lepton number is spontaneously
broken; in the original formulations of the Type I and III Seesaws, lepton number violation is
explicit by means of a Majorana mass allowed by gauge invariance. In Sec. 4.1, we summarize
the main highlights of the canonical Type II Seesaw and other Type II-based scenarios. We then
review in Sec. 4.2 collider searches for lepton number violation mediated by exotically charged
scalars (H±, H±±), which is the characteristic feature of Type II-based scenarios.
4.1 Type II Seesaw Models
In the Type II mechanism [14–18, 407], tiny neutrino masses arise through the Yukawa interaction,
∆LmII = −Lc Yν iσ2 ∆L L+ H.c., (4.1)
between the SM LH lepton doublet L, its charge conjugate, and an SU(2)L scalar triplet (adjoint
representation) ∆L with mass M∆ and Yukawa coupling Yν . More precisely, the new scalar trans-
forms as (1, 3, 1) under the full SM gauge symmetry and possesses lepton number L = −2, thereby
ensuring that Eq. (4.1) conserves lepton number before EWSB. Due to its hypercharge and L as-
signments, ∆L does not couple to quarks at tree-level. It does, however, couple to the SM Higgs
doublet, particularly through the doublet-triplet mixing operator
∆LH∆L 3 µHT iσ2 ∆†LH + H.c. (4.2)
The importance of this term is that after minimizing the full Type II scalar potential VType II, ∆L
acquires a small vev v∆ that in turn induces a LH Majorana mass for SM neutrinos, given by
Mν =
√
2Yνv∆ with v∆ = 〈∆L〉 = µv
2
0√
2M2∆
. (4.3)
In the above, v0 =
√
2〈H〉 is the vev of the SM Higgs and v20 + v2∆ = (
√
2GF )
−1 ≈ (246 GeV)2.
As a result of B−L being spontaneously broken by ∆L, tiny 0.1 eV neutrino masses follow
from the combination of three scales: µ, v0, and M∆. In addition, after EWSB, there are seven
physical Higgses, including the singly and doubly electrically charged H± and H±± with masses
MH±,H±± ∼ M∆. As v∆ contributes to EWSB at tree-level, and hence the EW ρ/T -parameter,
v∆ is constrained by precision EW observables, with present limits placing v∆ . O(1 GeV) [408–
416]. The impact of triplet scalars on the naturalness of the SM-like Higgs at 125 GeV has also been
studied [412, 417, 418]. The simultaneous sensitivity of Mν to collider, neutrino mass measure-
ment, and neutrino oscillation experiments is one of the clearest examples of their complementarity
and necessity to understanding neutrinos physics.
For SM-like Yukawas Yν ∼ 10−6−1, one finds that v∆ ∼ 0.1 eV−100 keV are needed in or-
der to reproduce 0.1 eV neutrino masses. Subsequently, for µ ∼M∆, then M∆ ∼ µ ∼ 108 − 1014
GeV, and for µ ∼ v0, then M∆ ∼ 105 − 108 GeV. In either case, these scales are too high for
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Figure 23. Constraints on the diagonal (a,b) and off-diagonal (c,d) elements of the neutrino mass matrix
Mν ≡
√
2v∆Γ++ versus the lowest neutrino mass for NH (a,c) and IH (b,d) when Φ1 = 0 and Φ2 = 0.
present-day experiments. However, as nonzero µ is associated with both lepton number and cus-
todial symmetry non-conservation, one may expect it to be small [121] and natural, in the t’Hooft
sense [419]. Imposing technical naturalness can have dramatic impact on LHC phenomenology:
for example, if µ ∼ 1 MeV (keV), then M∆ ∼ 102 − 105 (101 − 104) GeV, scales well within
the LHC’s energy budget. Moreover, this also indicates that proposed future hadron collider ex-
periments [148, 149] will be sensitive to MeV-to-GeV values of the scalar-doublet mixing param-
eter µ, independent of precision Higgs coupling measurements, which are presently at the 10%
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(a) (b)
Figure 24. Constraints on the squared coupling Y i+ ≡
∑
j |Γji+ |2v2∆, versus the lowest neutrino mass for NH
(a) and IH (b).
level [420]. Assuming Higgs coupling deviations of O(µ/Mh), this implies the weak 7/8 TeV
LHC limit of µ . O(10 GeV). While not yet competitive with constraints from EW precision data,
improvements on Higgs coupling measurements will be greatly improved over the LHC’s lifetime.
After decomposition of leptons into their mass eigenstates, the Yukawa interactions of the
singly and doubly charged Higgses are
νTL C Γ+ H
+ `L, : Γ+ = cos θ+
mdiagν
v∆
U †PMNS , θ+ ≈
√
2v∆
v0
, (4.4)
`TL C Γ++ H
++ `L : Γ++ =
Mν√
2v∆
= U∗PMNS
mdiagν√
2 v∆
U †PMNS . (4.5)
The constrained neutrino mass matrix Mν =
√
2v∆Γ++ and squared Yukawa coupling Y i+ ≡∑
j |Γji+|2v2∆ with vanishing Majorana phases are shown in Figs. 23 and 24 respectively. The
results reveal the following mass and Yukawa patterns:
M22ν ,M
33
ν M11ν and Y 2+, Y 3+  Y 1+ for NH; (4.6)
M11ν M22ν ,M33ν and Y 1+  Y 2+, Y 3+ for IH. (4.7)
Below v∆ ≈ 10−4 GeV, the doubly charged Higgs H±± decays dominantly to same-sign lep-
ton pairs. For vanishing Majorana phases Φ1 = Φ2 = 0, we show in Figs. 25 and 26 the branching
fraction of the decays into same-flavor and different-flavor leptonic final states, respectively. Rela-
tions among the branching fractions of the lepton number violating Higgs decays of both the singly-
and doubly-charged Higgs in the NH and IH, with vanishing Majorana phases, are summarized in
Table. 2.
The impact of Majorana phases can be substantial in doubly charged Higgs decays [421, 422].
In the case of the IH, a large cancellation among the relevant channels occurs due to the phase at
Φ1 = pi. As a result, in this scenario, the dominant channels swap from H++ → e+e+, µ+τ+
when Φ1 ≈ 0 to H++ → e+µ+, e+τ+ when Φ1 ≈ pi, as shown in Fig. 27. Therefore this
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(a) (b)
Figure 25. Scatter plots for the H++ decay branching fractions to the flavor-diagonal like-sign dileptons
versus the lowest neutrino mass for NH (a) and IH (b) with Φ1 = Φ2 = 0.
(a) (b)
Figure 26. H++ decay to the flavor-off-diagonal like-sign dileptons versus the lowest neutrino mass for NH
(a) and IH (b) with Φ1 = Φ2 = 0.
qualitative change can be made use of to extract the value of the Majorana phase Φ1. In the NH
case, however, the dependence of the decay branching fractions on the phase is rather weak because
of the lack of a subtle cancellation [408].
The Type II mechanism can be embedded in a number of extended gauge scenarios, for ex-
ample the LRSM as discussed in Sec. 3.1.4, as well as GUTs, such as (331) theories [423–426]
and the extensions of minimal SU(5) [427]. For (331) models, one finds the presence of bilep-
tons [428, 429], i.e., gauge bosons with L = ±2 charges and hence Q = ±2 electric charges.
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Relations
NH BR(H++ → τ+τ+/µ+µ+) ∼ (20− 40)% BR(H++ → e+e+) ∼ (0.1− 0.6)%
BR(H++ → µ+τ+) ∼ (30− 40)% BR(H++ → e+µ+/e+τ+) . 5%
BR(H+ → τ+ν¯/µ+ν¯) ∼ (30− 60)% BR(H+ → e+ν¯) ∼ (2.5− 3)%
IH BR(H++ → e+e+) ∼ 50% > BR(H++ → µ+µ+/τ+τ+) ∼ (6− 20)%
BR(H++ → µ+τ+) ∼ (20− 30)%  BR(H++ → e+µ+/e+τ+) ∼ (0.1− 4)%
BR(H+ → e+ν¯) ∼ 50% > BR(H+ → µ+ν¯/ν¯) ∼ (20− 30)%
Table 2. Relations among the branching fractions of the lepton number violating Higgs decays for the
neutrino mass patterns of NH and IH, with vanishing Majorana phases.
(a) (b)
Figure 27. Scatter plots of the same (a) and different (b) flavor leptonic branching fractions for the H++
decay versus the Majorana phase Φ1 for the IH with m3 = 0 and Φ2 ∈ (0, 2pi).
In a realistic extension of the Georgi-Glashow model, a scalar 15-dimensional representation is
added [430] and the scalar triplet stays in the 15 representation together with scalar leptoquark
Φ ∼ (3, 2, 1/6). The SU(5) symmetry thus indicates that the couplings of the leptoquark to
matter gain the same Yukawas Yν responsible for neutrino mass matrix [431]. Extensions with
vector-like leptons in nontrivial SU(2)L representations are also possible [432]. Unsurprisingly,
the phenomenology [423, 425, 433–435] and direct search constraints [433, 434] for L-violating,
doubly charged vector bosons are similar to L-violating, doubly charged scalar bosons, which we
now discuss.
4.2 Triplet Higgs Scalars at Colliders
4.2.1 Triplet Higgs Scalars and the Type II Seesaw at Colliders
If kinematically accessible, the canonical and well-studied [145, 408, 436, 437] triplet scalars pro-
duction channels at hadron colliders are the neutral and charged current DY processes, given by
pp→ γ∗/Z∗ → H++H−−, pp→W±∗ → H±±H∓, (4.8)
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Figure 28. Born-level diagrams depicting Type II triplet scalar production in pp collisions via (a) the DY
mechanism, (b) same-sign W±W± scattering, and (c) γγ fusion.
and shown in Fig. 28(a). Unlike Type I models, scalars in the Type II Seesaw couple to EW bosons
directly via gauge couplings. Subsequently, their production rates are sizable and can be predicted
as a function of mass without additional input. In Fig. 29 we show the LO pair production cross
section of triplet scalars via the (a) neutral and (b) charged current DY process at
√
s = 14 and
100 TeV. NLO in QCD corrections to these processes are well-known [438] and span KNLO =
σNLO/σLO = 1.1− 1.3 away from boundaries of collider phase space; moreover, due to the color-
structure of DY-like processes, inclusive kinematics of very heavy scalar triplets are Born-like
and thus naı¨ve normalization of kinematics by KNLO gives reliable estimates of both NLO- and
NLO+PS-accurate results [275, 339]. For MH±± = 1 TeV, one finds that the LO pair production
rates can reach σ ∼ 0.1 (10) fb at√s = 14 (100) TeV, indicating O(102) (O(104)) of events with
the ab−1-scale data sets expected at the respective collider program.
In addition to the DY channels are: single production of charged Higgses via weak boson
scatter, as shown in Fig. 28(b) and investigated in [410, 440]; charged Higgs pair production via
γγ scattering, as shown in Fig. 28(c), studied in [409, 439, 441–443], and computed at
√
s = 14
TeV [439] in Fig. 29(c); as well as pair production through weak boson scattering, as studied in
[409, 442] and computed for the 14 TeV LHC [409] in Fig. 29(d). As in the case of Wγ scatter-
ing in heavy N production in Sec. 3, there is renewed interest [442] in the γγ-mechanisms due to
the new availability of photon PDFs that include both elastic and (deeply) inelastic contributions,
e.g., NNPDF 2.3 and 3.0 QED PDF sets [444, 445]. However, care should be taken in drawing
conclusions based on these specific PDF sets due to the (presently) large γ-PDF uncertainty, par-
ticularly at large Bjorken-x where this can reach greater than 100% [444]. For example: As shown
in Fig. 29(c), γγ production is unambiguously sub-leading to the DY mechanism and only con-
tributes about 10% despite recent claims to the contrary [443, 446]. The collinear behavior and the
factorization scale dependence of the incoming photons must be treated with great care. As more
data is collected and γ-PDF methodology further matures, one anticipates these uncertainties to
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Figure 29. Production cross section for (a) pp→ H++H−− and (b) H±±H∓ at √s = 14 and 100 TeV, as
well as for (c) pp→ H++H−−jj from γγ fusion [439] and (d) pp→ H++H−−jj +H±±H∓ from VBF
at
√
s = 14 TeV [409].
greatly shrink; for further discussions of γ-PDFs, see Refs. [254, 255, 268, 269, 271, 272]. For a
list of recommended γ-PDFs, see the discussion just above Eq. (3.38).
Similar to the γγ channel, production of triplet scalars from gluon fusion is sub-leading with
respect to DY due to multiple vanishing contributions [260, 447] and despite an expectedly large
QCD correction of KN
3LL = σN
3LL/σLO ∼ 2.5 − 3 [256]. If triplet scalar couplings to the SM-
like Higgs are not too small and if sufficiently light, then such scalars may appear in pairs as rare
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Figure 30. Event contour for H++H−− → µ+µ+µ−µ− in the BR(H++ → µ+µ+) vs. MH++ plane
at (a)
√
s =14 TeV and (b) 100 TeV, assuming L =300 fb−1 and 3000 fb−1, and based on the analysis of
Ref. [408]. Signal significance for VBF production of doubly charged Higgs pairs and their decays to (c)
e±µ± and (d) τ±τ± final-states, after L = 1 and 3 ab−1 at the 14 TeV LHC [409].
decays of the 125 GeV scalar boson [448]. Likewise, if neutral triplet scalars mix appreciably with
the SM-like Higgs, then single production via gluon fusion is also possible [448]; one should note
that in such cases, the QCD K-factors calculated in Ref. [256] are applicable.
A noteworthy direction of progress in searches for triplet scalars at colliders are the imple-
mentation of exotically charged scalars into FeynRules model files. In particular, lepton number
violating scalars are available in the LNV-Scalars [449, 450] model file as well as in a full imple-
mentation of LRSM at LO accuracy [451, 452]; the Georgi-Machacek model [453] is also available
at NLO in QCD accuracy [293, 454]. These permit simulation of triplet scalar production in inclu-
sive ``/`p/pp collisions using modern, general-purpose event generators, such as Herwig [289],
MadGraph5 aMC@NLO [290], and Sherpa [291].
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Figure 31. ATLAS 95% CLs exclusion at 13 TeV after L = 36 fb−1 on σ(pp → H++H−−) for various
representative branching rates to SM charged leptons in the (a) pure e±e±, (b) pure µ±µ±, (c) pure e±µ±
and (d) mixed final-states [455, 456].
Due to the unknown Yukawa structure in Eq. (4.1), the decays of the triplet scalars to SM states
are much more ambiguous than their production. Subsequently, branching rates of H± → `±ν
and H±± → `±1 `±2 are often taken as phenomenological parameters in analyses and experimental
searches. When taking such a model-agnostic approach, it may be necessary to also consider
the lifetimes of scalar triplets: In a pure Type II scenario, for MH±± < 270 GeV and sub-MeV
values of the triplet vev vL, the proper decay length of H±± can exceed 10 µm [410]. As a result,
exotically charged triplet scalars may manifest at collider experiments in searches for long-lived,
multi-charged particles such as Refs. [457–460].
For prompt decays of triplet scalars, the discovery potential at hadron colliders is quantified
in Fig. 30. In particular, following the analysis of Ref. [408], Figs. 30(a) and 30(b) show event
contours in the BR(H++ → µ+µ+) vs. MH±± plane after L = 300 (3000) fb−1 of data at√
s = 14 TeV and 100 TeV, respectively. At the 2σ level, one finds the sensitivity to doubly
charged Higgs is about MH±± = 0.75 (1.1) TeV at 14 TeV and MH±± = 2 (3.5) TeV at 100 TeV.
In Figs. 30(c) and 30(d), one similarly has the signal significance σ = S/
√
S +B after L = 1 and
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Figure 32. Feynman diagrams depicting gluon fusion production of Majorana neutrinos via (a) SM Higgs
boson (h) and (b) SU(2)R triplet Higgs (H) through their mixing in pp collisions [368, 448].
3 ab−1 at the 14 TeV LHC for VBF production of doubly charged Higgs pairs and their decays
to e±µ± and τ±τ± final-states, respectively [409]. Upon the fortuitous discovery of a doubly
charged scalar, however, will require also observing other charged scalars to determine its precise
weak isospin and hypercharge quantum numbers [145, 449, 461].
In light of such sensitivity at hadron colliders, it is unsurprising then that null results from
searches at the 7/8/13 TeV LHC [54, 55, 455, 462] have placed stringent constraints on EW-scale
triplet scalar masses, assuming benchmark branching rates. As seen in Fig. 31, results from the
ATLAS experiment in searches for doubly charged Higgs pairs decaying to leptons, after collecting
L = 36 fb−1 of data at 13 TeV, have ruled out MH±± > 600 − 900 GeV at 95% CLs in both the
(a) single-flavor and (b) mixed light-lepton final states [455]. Comparable limits have been reached
by the CMS experiment [462].
At future e−e+ colliders, triplet scalars can appear in t-channel exchanges, inducing charged
lepton flavor violation (cLFV) and forward-backward asymmetries [463]; in three-body decays of
taus that are absent of light-neutrinos in the final state, i.e., τ± → `∓H±±∗ → `∓µ±µ± [464];
and, of course, in pairs via s-channel gauge currents [465]. In the event of such observations, the
nontrivial conversion of an e−e+ beam into an e−e−/e−µ−/µ−µ− facility could provide compli-
mentary information on scalar triplet Yukawa couplings by means of the “inverse” 0νββ processes,
`−i `
−
j →W−L/RW−L/R [466–468].
4.2.2 Triplet Higgs Scalars and the Left-Right Symmetric Model at Colliders
Turning to scalars in the LRSM, as introduced in Sec. 3.1.4, it was recently observed [368, 448]
that in a certain class of neutrino mass models, decays of the SM-like Higgs boson h(125 GeV) to
heavy neutrino pairs, h → NN , may occur much more readily than previously thought. The sig-
nificance of this reaction is one’s ability to confirm neutrino masses are generated, in part, through
EWSB. It would also indicate sensitivity to the scalar sector responsible for generating RH Ma-
jorana masses. Interactions between SM particles and N typically proceed through heavy-light
neutrino mixing, |V`N |, which, is a numerically small quantity. As h → NN involves two N ,
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(a) (b)
Figure 33. (a,b) 13 TeV LHC sensitivity to the LRSM in the (MN ,MWR) plane to the processes shown in
Fig. 32 after L = 100 fb−1 [368, 448].
the issue is compounded and usually renders the decay rate prohibitively small in a pure Type I
scenario. For H ∈ {H0, H±, H±±} predicted in Type I+II Seesaws, and in particular the LRSM,
the situation is more interesting: it may be that h(125 GeV) and the RH neutral scalars mix suffi-
ciently that decays to relatively light (2MN < 125 GeV) heavy neutrino pairs are possible [368].
This is allowed as H can couple appreciable to N and the mixing between H0 and h is much less
constrained. Subsequently, the naı¨ve neutrino mixing suppression is avoided by exploiting that
h→ NN decays can proceed instead through H0−h mixing. In a similar vein, it may be possible
for h to decay to triplet pairs and subsequently toN or same-sign charged leptons, or for singleH0
production to proceed directly [448]. Such processes are shown diagrammatically in Fig. 32. As a
result, the L-violating Higgs decays,
h(125 GeV) → N N → W±∗R W±∗R `∓1 `∓2 → `∓1 `∓2 + nj, (4.9)
h(125 GeV) → H0 H0 → 4N → `±1 `∓2 `±3 `∓4 + nj, (4.10)
h(125 GeV) → H++ H−− → `±1 `±2 `∓3 `∓4 , (4.11)
are not only possible, but also provide complementary coverage of low-mass N scenarios that are
outside the reach of 0νββ experiments and direct searches for WR at colliders. The sensitivity of
such modes are summarized in Fig. 33 [368, 448]. The associated production channels,
pp→ H0,±± W∓R and pp→ H0ZR, (4.12)
are also possible. However, as in the SM, these channels are s-channel and phase space suppressed,
which lead to prohibitively small cross sections in light of present mass limits [145].
Lastly, one should note that the search for such Higgs decays is not limited to hadron colliders.
As presently designed future lepton colliders are aimed at operating as Higgs factories, searches
for such L-violating Higgs decays [469–471] at such facilities represent an attractive discovery
prospect. In this context, a relatively understudied topic is the possible manifestation of Seesaw in
precision measurements of the known SM-like Higgs boson [216, 368, 472]. Some related studies
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also exist in the literature such as for generic pheno [439, 439, 449]; for little Higgs [410, 473];
and for decay ratios and mixing patterns of exotically charged Higgs[474, 475].
5 The Type III Seesaw and Lepton Number Violation at Colliders
We now turn to collider searches for lepton number violation in the context of the Type III Seesaw
mechanism [19] as well as its embedding in GUTs and other SM extensions. In some sense,
the Type III model is the fermionic version of the Type II scenario, namely that Seesaw partner
fermions couple to the SM via both weak gauge and Yukawa couplings. Subsequently, much of the
Type III collider phenomenology resembles that of Type I-based models. However, quantitatively,
the presence of gauge couplings lead to a very different outlook and level of sensitivity. We now
summarize the main highlights of the canonical Type III Seesaw (Sec. 5.1.1), Type III-based models
(Sec. 5.1.2), and then review their L-violating collider phenomenology (Sec. 5.2). As with the
previous Seesaw scenarios, a discussion of cLFV is outside the scope of this review. For recent
summaries on cLFV in the Type III Seesaw, see Refs. [176, 476–478] and references therein.
5.1 Type III Seesaw Models
5.1.1 The Canonical Type III Seesaw Mechanism
In addition to the SM field content, the Type III Seesaw [19] consists of SU(2)L triplet (adjoint)
leptons,
ΣL = Σ
a
Lσ
a =
(
Σ0L/
√
2 Σ+L
Σ−L −Σ0L/
√
2
)
, Σ±L ≡
Σ1L ∓ iΣ2L√
2
, Σ0L = Σ
3
L, (5.1)
which transform as (1, 3, 0) under the SM gauge group. Here Σ±L have U(1)EM charges Q = ±1,
and the σa for a = 1, . . . , 3, are the usual Pauli SU(2) matrices. The RH conjugate fields are
related by
ΣcR =
(
Σ0cR /
√
2 Σ−cR
Σ+c −Σ0cR /
√
2
)
, for ψcR ≡ (ψc)R = (ψL)c. (5.2)
The Type III Lagrangian is given by the sum of the SM Lagrangian, the triplet’s kinetic and mass
terms,
LT = 1
2
Tr
[
ΣLi 6DΣL
]− (MΣ
2
Σ0LΣ
0c
R +MΣΣ
−
LΣ
+c
R + H.c.
)
, (5.3)
and the triplet’s Yukawa coupling to the SM LH lepton (L) and Higgs (H) doublet fields,
LY = −YΣL ΣcR iσ2H∗ + H.c. (5.4)
From Eq. (5.4), one can deduce the emergence of a Yukawa coupling between the charged SM
leptons and the charged triplet leptons. This, in turn, induces a mass mixing among charged leptons
that is similar to doublet-singlet and doublet-triplet neutrino mass mixing, and represents one of
the more remarkable features of the Type III mechanism. The impact of EW fermion triplets on the
SM Higgs, naturalness in the context of the Type III Seesaw has been discussed in Refs. [479–481].
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After expanding Eqs. (5.3)-(5.4), the relevant charged lepton and neutrino mass terms are [482]
LmIII = −
(
lR ΨR
)( ml 0
YΣv0 MΣ
)(
lL
ΨL
)
−
(
νcL Σ
0c
L
)( 0 Y TΣ v0/2√2
YΣv0/2
√
2 MΣ/2
)(
νL
Σ0L
)
+ H.c., (5.5)
with ΨL ≡ Σ−L , ΨR ≡ Σ+cL , and Ψ = ΨL + ΨR. After introducing unitarity matrices to transit
light doublet and heavy triplet lepton fields as below(
lL,R
ΨL,R
)
= UL,R
(
lmL,R
ΨmL,R
)
,
(
νL
Σ0L
)
= U0
(
νmL
Σ0mL
)
, (5.6)
UL ≡
(
ULll ULlΨ
ULΨl ULΨΨ
)
, UR ≡
(
URll URlΨ
URΨl URΨΨ
)
, U0 ≡
(
U0νν U0νΣ
U0Σν U0ΣΣ
)
, (5.7)
one obtains the diagonal mass matrices and mass eigenvalues for neutrinos and charged leptons,
diag(N ) = U †0
(
0 Y †Σv0/
√
2
Y ∗Σv0/
√
2 M∗Σ
)
U∗0 =
(
mdiagν 0
0 MdiagN
)
, (5.8)
diag(E) = U †L
(
m†l Y
†
Σv0
0 M †Σ
)
UR =
(
mdiagl 0
0 MdiagE
)
. (5.9)
The light neutrino mass eigenstates are denoted by νj for j = 1, . . . , 3; whereas the heavy neutral
and charged leptons are respectively given by Nj′ and E±k′ . In the literature, N and E
± are often
denoted as T 0, T± or Σ0, Σ±. However, there is no standard convention as to what set of symbols
are used to denote gauge and mass eigenstates. Where possible, we follow the convention of
Ref. [483] and generically denote triplet-doublet mixing by YT and εT . This means that in the
mass basis, triplet gauge states are given by
Ψ± = YT E± +
√
2εT `
± and Ψ0 = YT N + εT νm,
with |YT | ∼ O(1) and |εT | ∼ YΣv0√
2MΣ
 1. (5.10)
The resulting interaction Lagrangian, in the mass eigenbasis then contains [483]
LMass BasisType III 3 −E−k′ (eYTAµγµ + g cos θWYTZµγµ)E−k′ − gYTE−k′W−µ γµNj′
− e
2swcw
Zµ
(
εTNj′γ
µPRνj +
√
2εTE
−
k′γ
µPR`
−
k
)
− e
sw
W+µ
(
εT νjγ
µPLE
−
k′ +
1√
2
εTNj′γ
µPR`
−
k
)
+ H.c. (5.11)
From this, one sees a second key feature of the Type III Seesaw, that gauge interactions between
heavy lepton pairs proceeds largely through pure vector currents with axial-vector deviations (not
shown) suppressed byO(ε2T ) at the Lagrangian level. This follows from the triplet fermions vector-
like nature. Similarly, the mixing-suppressed gauge couplings between heavy and light leptons
proceeds through SM-like currents.
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Explicitly, the light and heavy neutrino mass eigenvalues are
mν ≈ Y
2
Σv
2
0
2MΣ
, MN ≈MΣ, (5.12)
and for the charged leptons are
ml −mlY
2
Σv
2
0
2M2Σ
≈ ml, ME ≈MΣ. (5.13)
This slight deviation in the light, charged leptons’ mass eigenvalues implies a similar variation in
the anticipated Higgs coupling to the same charged leptons. At tree-level, the heavy leptons N and
E± are degenerate in mass, a relic of SU(2)L gauge invariance. However, after EWSB, and for
MΣ & 100 GeV, radiative corrections split this degeneracy by [483],
∆MT ≡ME −MN = αW
2pi
M2W
MΣ
[
f
(
MΣ
MZ
)
− f
(
MΣ
MW
)]
≈ 160 MeV, (5.14)
where f (y) =
1
4y2
log y2 −
(
1 +
1
2y2
)√
4y2 − 1 arctan
√
4y2 − 1, (5.15)
and opens the E± → Npi± decay mode. Beyond this are the heavy lepton decays to EW bosons
and light leptons that proceed through doublet-triplet lepton mixing. The mixings are governed by
the elements in the unitary matrices UL,R and U0. Expanding UL,R and U0 up to order Y 2Σv
2
0M
−2
Σ ,
one gets the following results [476, 484]
ULll = 1−  , ULlΨ = Y †ΣM−1Σ v0 , ULΨl = −M−1Σ YΣv0 , ULΨΨ = 1− ′ ,
URll = 1 , URlΨ = mlY
†
ΣM
−2
Σ v0 , URΨl = −M−2Σ YΣmlv0 , URΨΨ = 1 ,
U0νν = (1− /2)UPMNS , U0νΣ = Y †ΣM−1Σ v0/
√
2 , U0Σν = −M−1Σ YΣU0ννv0/
√
2 ,
U0ΣΣ = 1− ′/2 ,  = Y †ΣM−2Σ YΣv20/2 , ′ = M−1Σ YΣY †ΣM−1Σ v20/2 .
To the order of YΣv0M−1Σ , the mixing between the SM charged leptons and triplet leptons, i.e.,
V`N = −Y †Σv0M−1Σ /
√
2, follows the same relation as Eq. (3.10) in the Type I Seesaw [482] and
the couplings in the interactions in Eq. (5.11) are all given by V`N [327, 482].
Hence, the partial widths for both the heavy charged lepton and heavy neutrino are proportional
to |V`N |2. For ME ≈MN MW ,MZ ,Mh, the partial widths behave like [252, 327]
1
2
Γ(N →
∑
`
`+W− + `−W+) ≈ Γ(N →
∑
ν
νZ + ν¯Z) ≈ Γ(N →
∑
ν
νh+ ν¯h)
≈ 1
2
Γ(E± →
∑
ν
(−)
ν W±) ≈ Γ(E± →
∑
`
`±Z) ≈ Γ(E± →
∑
`
`±h)
≈ GF
8
√
2pi
∑
`
|V`N |2M3Σ. (5.16)
Thus the heavy lepton branching ratios exhibit asymptotic behavior consistent with the Goldstone
Equivalence Theorem [261, 262], and are given by the relations [252, 327, 483, 485],
1
2
BR(N →
∑
`
`+W− + `−W+) ≈ BR(N →
∑
ν
νZ + ν¯Z) ≈ BR(N →
∑
ν
νh+ ν¯h)
≈ 1
2
BR(E± →
∑
ν
(−)
ν W±) ≈ BR(E± →
∑
`
`±Z) ≈ BR(E± →
∑
`
`±h) ≈ 1
4
. (5.17)
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Figure 34. Triplet decay widths as function of the triplet mass and assuming MhSM = 115 GeV [485].
As displayed in Fig. 34 by Ref. [485], as the triplet mass grows, this asymptotic behavior can be
seen explicitly in the triplet lepton partial widths.
5.1.2 Type I+III Hybrid Seesaw in Grand Unified and Extended Gauge Theory
One plausible possibility to rescue the minimal grand unified theory, i.e., SU(5), is to introduce an
adjoint 24F fermion multiplet in addition to the original 10F and 5¯F fermionic representations [5,
486]. As the 24F contains both singlet and triplet fermions in this non-supersymmetric SU(5), the
SM gauge couplings unify and neutrino masses can generated through a hybridization of the Types
I and III Seesaw mechanisms. The Yukawa interactions and Majorana masses in this Type I+III
Seesaw read [483]
∆LYI+III = YSLHS + YTLHT −
MS
2
SS − MT
2
TT + H.c., (5.18)
where S and T =
(
T−+T+√
2
, T
−−T+
i
√
2
, T 0
)
are the fermionic singlet and triplet fields, respectively,
with masses MS and MT . In the limit that MS ,MT  YSv0, YT v0, the light neutrino masses are
then given by the sum of the individual Type I and III contributions
mν = −(YSv0/
√
2)2M−1S − (YT v0/
√
2)2M−1T , (5.19)
The most remarkable prediction of this SU(5) theory is that the unification constraint and the
stability of proton require the triplet mass to be small: MT . 1 TeV [486, 487]. Thus, in SU(5)
scenarios, the triplet leptons of this Type I+III Seesaw are within the LHC’s kinematic reach and
can be tested via L-violating collider signatures [5, 488–492].
Other GUT models that can accommodate the Type III Seesaw and potentially lead to collider-
scale L-violation include variations of SO(10) [493] theories. It is also possible to embed the Type
III scenario into extended gauge sectors, including Left-Right Symmetric theories [134, 135, 494,
495], which also represents a Type I+II+III hybrid Seesaw hat trick. Additionally, Type III-based
hybrid Seesaws can be triggered via fermions in other SU(2)L×U(1)Y representations [496–499],
The collider phenomenology in many of these cases is very comparable to that of the Type I and II
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Figure 35. Born level production of Type III lepton pairs via (a) Drell-Yan, (b) gluon fusion, and (c) photon
fusion.
Seesaws, as discussed in Secs. 3 and 4, or the more traditional Type III scenario, which we now
discuss.
5.2 Heavy Charged Leptons and Neutrinos at Colliders
5.2.1 Heavy Charged Leptons and Neutrinos at pp Colliders
Due to the presence of both gauge and Yukawa couplings to SM fields, the collider phenomenology
for triplet leptons is exceedingly rich. In hadron collisions, for example, pairs of heavy triplet
leptons are produced dominantly via charged and neutral Drell-Yan (DY) currents, given by
qq¯′ →W ∗± → T±T 0 and qq¯ → γ∗/Z∗ → T+T−, (5.20)
and shown in Fig. 35(a). For the DY process, the total cross section is now known up to NLO and
differentially at NLO+LL in kT resummation [275]. As function of mass, theN`± (singlet) as well
as T+T− and T±T 0 (triplet) DY production cross sections at
√
s = 14 and 100 TeV are displayed
in Fig. 36(a). While the three rates are naı¨vely comparable, one should assign a mixing factor of
|V`N |2 . 10−2 to the singlet production since it proceeds through active-sterile neutrino mixing,
i.e., Yukawa couplings, whereas triplet lepton pair production proceeds through gauge couplings.
Heavy triplet leptons can also be produced singly in the association with light leptons and neutrinos,
qq¯′ →W ∗± → T±ν, T 0`± and qq¯ → γ∗/Z∗ → T±`∓. (5.21)
As single production modes are proportional to the small [88] doublet-triplet mixing, denoted by
|V`T |, these processes suffer from the same small signal rates at colliders as does singlet produc-
tion in Type I-based Seesaws (see Sec. 3.1.1). However, as heavy-light lepton vertices also posses
axial-vector contributions, new production channels are present, such as the gluon fusion mecha-
nism [242, 245, 256, 260], shown in Fig. 35(b) and given by
gg → Z∗/h∗ → T±`∓. (5.22)
It is noteworthy that the partonic expression for gluon fusion channels gg → Z∗/h∗ → T±`∓ is
equal to the Type I analogue gg → Nν` [260], and hence so are its QCD corrections [256]. Con-
versely, heavy triplet pair production through gluon fusion, i.e., gg → TT , is zero since their cou-
plings to weak bosons are vector-like, and hence vanish according to Furry’s Theorem [242, 245,
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Figure 36. (a) As a function of mass, theN`± (singlet) as well as T+T− and T±T 0 (triplet) DY production
cross sections at
√
s = 14 and 100 TeV. (b) As a function of collider energy
√
s, the T+T− and T±`∓
(assuming benchmark |V`T |2 = 10−2) production cross sections via various production mechanisms.
447]. For
√
s = 7−100 TeV, the N3LL(Threshold) corrections to the Born rates of Eq. (5.22) span
+160% to +260% [256]. Hence, for singly produced triplet leptons, the gluon fusion mechanism
is dominant over the DY channel for
√
s & 20− 25 TeV, over a wide range of EW- and TeV-scale
triplet masses [256, 260]. More exotic production channels also exist, such as the γγ → T+T−
VBF channel, shown in Fig. 35(c), as well as permutations involving W and Z. However, the γγ
contributions is sub-leading due to coupling and phase space suppression.
For representative heavy lepton masses of MT = 500 GeV and 1 TeV as well as doublet-
triplet mixing of |V`T |2 = 10−2, we display in Fig. 36(b) the pp → T+T− and T±`∓ production
cross sections via various hadronic production mechanisms as a function of collider energy
√
s. In
the figure, the dominance of pair production over single production is unambiguous. Interestingly,
considering that the triplet mass splitting is ∆MT ∼ O(200) MeV as stated above, one should not
expect to discover the neutral current single production mode without also observing the charged
channel almost simultaneously. Hence, despite sharing much common phenomenology, experi-
mentally differentiating a Type I scenario from a Type III (or I+III) scenario is straightforward.
Leading order-accurate Monte Carlo simulations for tree-level processes involving Type III
leptons are possible with the Type III Seesaw FeynRules UFO model [476, 500, 501], as
well as a Minimal Lepton Flavor Violation variant MLFV Type III Seesaw [477, 478, 502].
The models can be ported into modern, general-purpose event generators, such at Herwig [289],
MadGraph5 aMC@NLO [290], and Sherpa [291].
Hadron collider tests of the Type III Seesaw can be categorized according to the final-state lep-
ton multiplicities, which include: the L-violating, same-sign dilepton and jets final state, `±1 `
±
2 +
nj [252, 327, 482, 483, 485, 486, 500, 504]; the four-lepton final state, `±1 `
±
2 `
∓
3 `
∓
4 + nj [252, 327,
482, 485, 500]; other charged lepton multiplicities [252, 327, 485, 500, 505]; and also displaced
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Figure 37. (a) Limits on Type III leptons at
√
s = 13 TeV LHC [58, 503]; (b) required luminosity for
2 (5)σ sensitivity (discovery) with fully reconstructible final states [149, 275]. (c,d) Exclusion contours of
doublet-triplet neutrino mixing in |VµN | − |VeN | and |VτN | − |VeN | spaces after L = 4.9 fb−1 of data at
CMS (labels denote heavy neutral lepton mass in GeV) [491].
charged lepton vertices [485, 506]. Other “displaced” signatures, include triplet lepton decays to
displaced Higgs bosons [507]. Direct searches for Type III Seesaw partners at the
√
s = 7/8
TeV [56, 57, 508] and
√
s = 13 TeV [58, 503, 509] LHC have yet to show evidence of heavy
leptons. As shown in Fig. 37 (a), triplet masses below MT . 800 GeV have been excluded at 95%
CLs [503]. Figure 37 (b) displays the discovery potential of triplet leptons at high-luminosity 100
TeV collider. One can discover triplet lepton as heavy as 4 (6.5) TeV with 300 (3000) fb−1 inte-
grated luminosity. The absence of triplet leptons in multi-lepton final states can also be interpreted
as a constrain on doublet-triplet neutrino mixing. In Fig. 37(c,d), one sees the exclusion contours
of doublet-triplet neutrino mixing in |VµN | − |VeN | and |VτN | − |VeN | spaces after L = 4.9 fb−1
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Figure 38. (a) Production cross section of e+e− → Σ0ν,Σ±e∓,Σ+Σ− as a function of the center of
mass energy for e+e− colliders, with MΣ = 500 GeV and VeN = 0.05 [510]; (b) Significance of Σ+Σ−
production vs. integrated luminosity at
√
s = 2 TeV [510].
of data at CMS (labels denote heavy neutral lepton mass in GeV) [491].
5.2.2 Heavy Charged Leptons and Neutrinos at ee and ep Colliders
The triplet leptons can also be produced at the leptonic colliders like the ILC and the Compact
Linear Collider (CLIC) [483, 510], and the electron-hadron collider like LHeC [309]. Besides
the similar s-channels as hadron colliders, at e+e− colliders, the triplet lepton single and pair
productions can also happen in t-channel via the exchange of h, W , or Z boson. Triplet leptons
can also lead to anomalous pair production of SM weak bosons [471]. Assuming MΣ = 500
GeV and VeN = 0.05, the cross sections of triplet lepton single and pair productions are shown in
Fig. 38 (a). For the single production at 1 TeV e+e− collider, the triplet lepton with mass up to
about 950-980 GeV can be reached with 300 fb−1. To discover the heavy charged lepton through
e+e− → Σ+Σ− production at√s = 2 TeV, the luminosity as low (high) as 60 (480) fb−1 is needed
as shown in Fig. 38 (b).
6 Radiative Neutrino Mass Models and Lepton Number Violation at Colliders
A common feature of the Seesaw mechanisms discussed in the previous sessions is that they are
all tree-level, UV completion of the dimension-5 Weinberg operator in of Eq. (1.1). Though eco-
nomical and elegant, these models often imply subtle balancing between a Seesaw mass scale at a
TeV or below and small Yukawa couplings, in the hope for them to be observable at current and
near future experiments. In an altogether different paradigm, it may be the case that small neu-
trino masses are instead generated radiatively. In radiative neutrino mass models, loop and (heavy)
mass factors can contribute to the suppression of light neutrino masses and partly explain their
smallness. A key feature of radiative neutrino mass models is that the Weinberg operator is not
generated at tree-level: For some models, this may be because the particles required to generate
tree-level masses, i.e., SM singlet fermions in Type I, triplet scalars in Type II, or triplet leptons in
Type III, do not exist in the theory. For others, it may be the case that the required couplings are
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forbidden by new symmetries. Whatever the case, it is necessary that the new field multiplets run
in the loops to generate neutrino masses.
At one-loop, such models were first proposed in Refs. [28, 29], at two-loop in Refs. [16, 30,
31], and more recently at three-loop order in Ref. [32]. Besides these early works, a plethora
of radiative mass models exist due to the relative ease with which unique loop topologies can be
constructed at a given loop order, as well as the feasibility to accommodate loop contributions from
various exotic particles, including leptoquarks, vector-like leptons and quarks, electrically charged
scalars, and EW multiplets. For a recent, comprehensive review, see Ref. [511].
However, the diversity of the exotic particles and interactions in radiative neutrino mass models
make it neither feasible nor pragmatic to develop a simple and unique strategy to test these theories
at colliders. Although some effort has been made to advance approaches to collider tests of radiative
neutrino mass models more systematically [512, 513], it remains largely model-dependent. As a
comprehensive summary of the literature for radiative neutrino mass models and their collider study
is beyond the scope of this review, in this section, we focus on a small number of representative
models with distinctive L-violating collider signatures.
It is worth pointing out that some popular radiative neutrino mass models do not predict clear
lepton number violation at collider scales. A prime example are the Scotogenic models [514],
a class of one-loop radiative neutrino mass scenario with a discrete Z2 symmetry. Scotogenic
models typically contain three SM singlet fermions Ni with Majorana masses and are odd under
the Z2, whereas SM fields are even. The discrete symmetry forbids the mixing between the SM
neutrinos and Ni that one needs to trigger the Type I and III Seesaw mechanisms. As a result,
collider strategies to search for lepton number violation mediated by heavy Majorana neutrinos as
presented in Sec. 3 are not applicable to the Scotogenic model. Instead, collider tests of Scotogenic
models include, for example, searches for the additional EW scalars [515–518] that facilitate lepton
number conserving processes. Subsequently, we avoid further discussing radiative models without
collider-scale lepton number violation.
Like in the previous sections, we first present in Sec. 6.1 an overview of representative radiative
models. Then, in Sec. 6.2, we review collider searches for lepton number violation associated with
radiative neutrino mass models.
6.1 Selected Radiative Neutrino Mass Models
6.1.1 The Zee-Babu Model
The first radiative scenario we consider is the well-known Zee-Babu model, a two-loop radiative
neutrino mass model proposed independently by Zee [30] and Babu [31]. In the model, the SM
field content is extended by including one singly-charged scalar (h±) and one doubly-charged
scalar (k±±). Both scalars are singlets under SU(3)c × SU(2)L, leading to the lepton number
violating interaction Lagrangian
∆L = L¯Y †eRH + ¯˜LfLh+ + ecRgeRk++ + µZBh+h+k−− + H.c., (6.1)
whereL (H) is the SM LH lepton (Higgs) doublet. The 3×3 Yukawa coupling matrices f and g are
anti-symmetric and symmetric, respectively. The trilinear coupling µZB contributes to the masses
of the charged scalars at the loop level. For large values of (µZB/mh±) or (µZB/mk±±), where
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Figure 39. (a) Feynman diagram for the generation of neutrino masses at two-loop order in the Zee-Babu
model. (b) Feynman diagram at three-loop order in the cocktail model [519].
mh±,k±± are the masses of h± and k±±, the scalar potential may have QED-breaking minima.
This can be avoided by imposing the condition |µZB|  4pi min(mh,mk).
The combined presence of Y , f , g and µZB collectively break lepton number and lead to the
generation of a small Majorana neutrino mass. At lowest order, neutrino masses in the Zee-Babu
model arise at two-loop order, as depicted in Fig. 39(a). The resulting neutrino mass matrix scales
as
Mν '
(
v2µZB
96pi2M2
)
fY g†Y T fT , (6.2)
where M = max(mh± ,mk±±) is the heaviest mass in the loop. Since f is antisymmetric, the
determinant of the neutrino mass matrix vanishes, detMν = 0. Therefore the Zee-Babu mod-
els yields at least one exactly massless neutrino. An important consequence is that the heaviest
neutrino mass is determined by the atmospheric mass difference, which can be estimated as
mν ≈ 6.6× 10−3f2g
(
m2τ
M
)
≈ 0.05 eV , (6.3)
where mτ ≈ 1.778 GeV is the tau lepton mass. This implies the product f2g can not be arbitrarily
small, e.g., for M ∼ 100 GeV, one finds g2f & 10−7. Subsequently, the parameter space of the
Zee-Babu model is constrained by both neutrino oscillation data, low-energy experiments such as
decays mediated k±± at tree level, and high-energy searches for direct pair production of k±±.
The study of h± is mostly similar to that of the singly-charged scalar in the Zee model [28],
although the lepton number violating effects are not experimentally observable due to the missing
information carried away by the light (Majorana) neutrino in the decay product. The doubly-
charged scalar k±± can decay to a pair of same-sign leptons, which manifestly violates lepton
number by ∆L = ±2, with a partial decay width given by
Γ(k±± → `±a `±b ) =
|gab|2
4pi(1 + δab)
mk . (6.4)
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Figure 40. Feynman diagram for the generation of neutrino masses at two-loop order in the colored Zee-
Babu model [522].
If mk±± > 2mh± , then the k±± → h±h± decay mode opens with a partial decay width of
Γ(k±± → h±h±) = mk±±
8pi
(
µZB
mk±±
)2√
1− 4m
2
h±
m2
k±±
. (6.5)
Doubly-charged scalars, appear in many other radiative neutrino mass models, including the
three-loop Cocktail Model [519], whose eponymous mass-generating diagram is shown in the right
panel of Fig. 39. The doubly-charged scalar couples to the SM lepton doublet and a singly-charged
scalar in the same manner as in the Zee-Babu model, and thus again is similar to a Type II scenario.
Radiative Type II Seesaw model [520] that generates neutrino mass at one-loop order contains
an SU(2)L triplet scalar and thus also has similar LHC phenomenology as the tree-level Type II
Seesaw mechanism [521].
6.1.2 The Colored Zee-Babu Model with Leptoquark
In a particularly interesting variant of the Zee-Babu model, proposed in Ref. [522], all particles in
the neutrino mass-loop are charged under QCD. As shown in Fig. 40, the lepton doublet in the loop
of the Zee-Babu model is replaced with down-type quark while the singly- and doubly-charged
scalars are replaced with a leptoquark S
− 1
3
LQ and a diquark S
− 2
3
DQ. Under the SM gauge group, the
leptoquark and diquark quantum numbers are
S
− 1
3
LQ : (3, 1,−
1
3
) and S
− 2
3
DQ : (6, 1,−
2
3
) . (6.6)
The decay of the diquark S
− 2
3
DQ is analogous to that of the doubly-charged scalar k
±± in that it can
decay to a pair of same-sign down-type quarks or a pair of same-sign leptoquarks, if kinematically
allowed.
For the models mentioned above, we will only review the collider study with the characteristics
different from the tree-level Seesaws in the following.
6.2 Radiative Neutrino Mass Models at Colliders
6.2.1 Doubly-charged Scalar at the LHC
As mentioned above, the Zee-Babu model contains two singlet charged scalars, h± and k±±.
Moreover, due to the presence of the doubly-charged scalar decay mode to two same-sign lep-
tons k±± → `±`± via the coupling µZB , collider searches for L-violating effects in the context of
the Zee-Babu model are centered on k±± and its decays.
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Figure 41. Projection of sensitivities at the LHC in the mk±± -mh± plane: (a) the NH benchmark with
g11,22 = 0.1, g12,13,33 = 0.001, f12,13 = 0.01 and f23 = 0.02; (b) the IH benchmark with g11,23 = 0.1,
g12,22,13,33 = 0.0001, f12 = −f13 = 0.1 and f23 = 0.01. For both benchmarks, the trilinear coupling
is chosen to be µZB = 5 min(mk±± ,mh±). The gray shaded region in the left panel is excluded by low
energy experiments. The green and orange regions are excluded by future experiments with an integrated
luminosity of 70 fb−1 and 3 ab−1 respectively [523].
Like the triplet Higgs in Type II Seesaw, the doubly-charged scalar k±± can be pair produced
via the Drell-Yan process at the LHC if kinematically accessible and is given by
pp→ γ∗/Z∗ → k++k−−. (6.7)
This is the same process as shown in Fig. 28(a). However, an important distinction is that while
H±± in the Type II Seesaw is an SU(2)L triplet, the k±± here is a singlet. As this quantum-number
assignment leads to different Z boson couplings, and hence different production cross section at
colliders, it is a differentiating characteristic of the model. Note the γγ fusion processes, shown in
Fig. 28, also applies to k++k−− pair production and leads to the same production cross section.
Since the collider signal for pair produced k±± is the same as H±± in the Type II Seesaw,
the search for doubly-charged scalar can be easily performed for both cases as shown in Fig. 31.
Obviously, the constraint on the singlet is less stringent due to the absence of weak isospin inter-
actions. With 36.1 fb−1 data at 13 TeV, ATLAS has excluded k±± mass lower than 656-761 GeV
for BR(k±± → e±e±) + BR(k±± → µ±µ±) = 1 at 95% CLs [455].
Low energy LFV experiments, especially µ → eγ, impose very stringent constraints on the
parameter space of the Zee-Babu model. The MEG experiment [524, 525] has placed an upper
bound on the decay branching ratio BR(µ→ eγ) < 4.2× 10−13, which can be roughly translated
as [526]
|f∗13f23|2
m2k±±
m2
h±
+ 16
∣∣∣∑ g∗1igi2∣∣∣2 < 1.2× 10−6 ( mkTeV)4 . (6.8)
To satisfy LFV constraints, the doubly- and singly-charged scalar masses are pushed well above
TeV, with mk±± > 1.3 (1.9) TeV and mh± > 1.3 (2.0) TeV for the NH (IH), assuming µZB =
min(mk±± ,mh±). This can be very easily relaxed, however, by choosing larger µZB and balanc-
ing smaller Yukawa couplings to generate the right neutrino mass spectrum.
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Figure 42. L-violating processes at the LHC in the colored Zee-Babu model [522].
A recent study has projected the sensitivities of the LHC with large luminosities by scaling
the cross section bound by 1/
√L for two benchmark scenarios: one for NH and one for IH [523].
The projected sensitivities are shown in Fig. 41 for model parameters consistant with neutrino
oscillation data. Note that these benchmarks are chosen to have µZB = 5 min(mk±± ,mh±) such
that the constraints from flavor experiments such as µ→ eγ are much less stringent at the price of
a more fine-tuned the scalar potential. We can see that the NH benchmark is less constrained than
the IH one when mk±± < 2mh± because k±± has a smaller branching ratio to leptons.
6.2.2 Leptoquark at the LHC
In the colored Zee-Babu model, L-violating signals can be observed in events with pair produced
leptoquarks S
− 1
3
LQ via s-channel diquark S
− 2
3
DQ, shown in Fig. 42, and given by,
pp→ S−
2
3
∗
DQ → S
− 1
3
LQS
− 1
3
LQ → u`−u`′−. (6.9)
One benchmark has been briefly studied in Ref. [522]. For leptoquark mass of 1 TeV and diquark
mass of 4 TeV, a benchmark consistent with neutrino oscillation data and low energy experiments,
the L-violating process in Eq. (6.9) can proceed with an LHC cross section of 0.18 fb at
√
s = 14
TeV. So far, there are no dedicated collider study for this model. In principle, however, one can
recast ATLAS or CMS searches for heavy neutrinos, such as Refs. [52, 363], to derive the limit on
the model parameter space.
Lepton number violating collider processes, pp → `±`± + nj, involving charged scalars,
leptoquarks and diquarks have also been studied for the LHC in Refs. [395, 527, 528]. Example
diagrams are shown in Fig. 43. Even though these studies are performed without a concrete neu-
trino mass model, they possess the most important ingredient of Majorana neutrino mass models:
L violation by two units, and therefore radiative neutrino mass models can be constructed from
the relevant matter content. Some processes, however, are realized with a SM singlet fermion (for
example the left panel of Fig. 43), which implies the existence of a tree-level Seesaw. Other pro-
cesses without SM singlet fermions, SU(2)L triplet scalars, or triplet fermions, such as the one on
the right panel of Fig. 43, can be realized in a radiative neutrino mass model. Detailed kinematical
analyses for resonant mass reconstruction would help to sort out the underlying dynamics.
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Figure 43. Example diagrams of L violation processes with (a) leptoquark SLQ1/3 and (b) diquarks
SDQ4/3,2/3 [527, 528]. The singlet fermion ψ0 in the left panel leads to Type I Seesaw.
6.2.3 Correlation with Lepton Flavor Violation
In radiative neutrino mass models the breaking of lepton number generally needs the simultaneous
presence of multiple couplings. For example, in the Zee-Babu model, Y , f , g and µZB together
break lepton number. The observation of pair produced k±± itself is insufficient to declare L
violation. In order to establish L violation in the theory and thus probe the Majorana nature of
the neutrinos, the couplings of h± to SM leptons and to k±± have to be studied at the same time.
For the colored Zee-Babu model, the L violation process shown in Fig. 42 involves all couplings
except the SM Yukawa necessary to break the lepton number. Note, however, the cross section for
this process is proportional to the product of couplings and suppressed by the heavy exotic masses,
which both contribute to the smallness of the neutrino masses. Thus the cross section for this
processes must be kinematically suppressed. For radiative neutrino mass models with dark matter
candidates, probing lepton number violation at colliders alone is generally much more difficult as
the dark matter candidate appears as missing transverse energy just as neutrinos. Overall, the study
of L-violation of radiative neutrino mass models can be performed either with the combination of
different processes that test different subsets of the couplings or in a single process that involves all
couplings at once whose production cross section is generally suppressed.
On the contrary, radiative neutrino mass models contain LFV couplings and exotic particles
that can be tested much easier than L violation stated above. The search strategies for LFV cou-
plings and new particles vary from model to model. It is definitely impossible to cover all and they
are also not the focus of this review. Thus we will take a few simple examples to illustrate the
searches.
The leading LFV signals can be produced in a radiative neutrino mass model from the QCD
pair production of the leptoquark S
− 1
3
LQ with its suitable subsequent decays such as
pp → S+
1
3
LQS
− 1
3
LQ → t¯`+t`′− (6.10)
where S
+ 1
3
LQ =
(
S
− 1
3
LQ
)∗
and the top quarks decay hadronically. Note that the leptoquark pair can
also decay to b¯ν` t`′− or b¯ν` bν¯`′ , where the LFV effects are not easy to disentangle at colliders
due to the invisible neutrinos. However, these decay channels can result in final states `+`′−X ,
inclusive flavour off-diagonal charged lepton pair accompanied by missing transverse energy, jets
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etc, if the quarks decay to appropriate leptons. The same final states have been used to search for
stop in SUSY theories and thus the results for stop searches at the LHC can be translated to that
of the leptoquark S
− 1
3
LQ , m(S
− 1
3
LQ ) & 600 GeV [512] based on the ATLAS stop search at
√
s = 8
TeV [529] 5. No recast of stop searches has been performed for 13 TeV run at the time of this
work. Besides leptoquarks, radiative neutrino mass models also comprise exotic particles such as
vector-like quarks, vector-like leptons, charged scalar singlets (both singly- and doubly-charged)
and higher-dimensional EW multiplets. For example, disappearing tracks can be used to search
for higher-dimensional EW multiplet fermions whose mass splitting between the neutral and the
singly-charged component is around 100 MeV. The current LHC searches have set a lower mass
limit of 430 GeV at 95% CL for a triplet fermion with a lifetime of about 0.2 ns [535–537]. We
refer the readers to the section about collider tests of radiative neutrino mass model in Ref. [511]
and the references therein for details.
We want to stress, however, that even though L violation in the radiative models is more
complicated and challenging to search for in collider experiments, their observation is essential
and conclusive to establish the Majorana nature of neutrinos. So once we find signals in either
LFV processes or new particles searches, we should search for L violation in specific radiative
neutrino mass models that give these LFV processes or contain these new particles, in order to
ultimately test the generation of neutrino masses.
7 Summary and Conclusions
Exploring the origin of neutrinos’ tiny masses, their large mixing, and their Dirac or Majorana
nature are among the most pressing issues in particle physics today. If one or more neutrino See-
saw mechanisms are realized in nature, it would be ultimately important to identify the new scales
responsible for generating neutrino masses. Neutrino oscillation experiments, however, may not
provide such information, and thus complementary pathways, such as collider experiments, are
vital to understanding the nature of neutrinos. Observing lepton number violation at collider ex-
periments would be a conclusive verdict for the existence of neutrino Majorana masses, but also
direct evidence of a mass scale qualitatively distinct from those in the SM.
In this context, we have reviewed tests of low-scale neutrino mass models at pp, ep, and
ee colliders, focusing particularly on searches for lepton number (L) violation: We begin with
summarizing present neutrino oscillation and cosmology data and their impact on the light neutrino
mass spectra in Sec. 2. We then consider several representative scenarios as phenomenological
benchmarks, including the characteristic Type I Seesaw in Sec. 3, the Type II Seesaw in Sec. 4,
the Type III in Sec. 5, radiative constructions in Sec. 6, as well as extensions and hybridizations of
these scenarios. We summarize the current status of experimental signatures featuring L violation,
and present anticipated coverage in the theory parameter space at current and future colliders. We
emphasize new production and decay channels, their phenomenological relevance and treatment
across different collider facilities. We also summarize available Monte Carlo tools available for
studying Seesaw partners in collider environments.
5There are many dedicated leptoquark searches at the LHC [530–534]. However, the leptoquarks searched only
couple to one generation of fermions at a time and thus generate no LFV signals.
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The Type I Seesaw is characterized by new right-handed, SM gauge singlet neutrinos, known
also as “sterile neutrinos,” which mix with left-handed neutrinos via mass diagonalization. As
this mixing scales with light neutrino masses and elements of the PMNS matrix, heavy neutrino
decays to charged leptons may exhibit some predictable patterns if one adopts some simplifying
assumptions for the mixing matrix, as shown for example in Figs. 3 and 4, that are correlated with
neutrino oscillation data. The canonical high-scale Type I model, however, predicts tiny active-
sterile mixing, with |V`N |2 ∼ mν/MN , and thus that heavyN decouple from collider experiments.
Subsequently, observing lepton number violation in collider experiments, as discussed in Sec. 3.2,
implies a much richer neutrino mass-generation scheme than just the canonical, high-scale Type I
Seesaw. In exploring the phenomenological parameter space, the 14 TeV LHC (and potential 100
TeV successor) and L = 1 ab−1 integrated luminosity could reach at least 2σ sensitivity for heavy
neutrino masses of MN . 500 GeV (1 TeV) with a mixing |V`N |2 . 10−3, as seen in Fig. 9.
If N is charged under another gauge group that also couples to the SM, as in B-L or LR gauge
extensions, then the discovery limit may be extended to MN ∼ MZ′ ,MWR , when kinematically
accessible; see Secs. 3.2.4 and Sec. 3.2.5.
The Type II Seesaw is characterized by heavy SU(2)L triplet scalars, which result in new
singly- and doubly-charged Higgs bosons. They can be copiously produced in pairs via SM
electroweak gauge interactions if kinematically accessible at collider energies, and search for the
doubly-charged Higgs bosons via the same-sign dilepton channel H±± → `±`± is an on-going ef-
fort at the LHC. Current direct searches at 13 TeV bound triplet scalar masses to be above (roughly)
800 GeV. With anticipated LHC luminosity and energy upgrades, one can expect for the search to
go beyond a TeV. Furthermore, if neutrino masses are dominantly from triplet Yukawa couplings,
then the patterns of the neutrino mixing and mass relations from the oscillation experiments will
correlate with the decays of the triplet Higgs bosons to charged leptons, as seen from the branching
fraction predictions in Figs. 25 and 26 and in Table 2. Since a Higgs triplet naturally exists in
certain extensions beyond the SM, such as in Little Higgs theory, the LRSM, and GUT theories,
the search for such signals may prove beneficial as discussed in 4.2.2.
The Type III Seesaw is characterized by heavy SU(2)L triplet leptons, which result in vector-
like, charged and neutral leptons. Such multiplets can be realized in realistic GUT theories in
hybridization with heavy singlet neutrinos from a Type I Seesaw. Drell-Yan pair production of
heavy charged leptons at hadron colliders is sizable as it is governed by the SM gauge interactions.
They can decay to the SM leptons plus EW bosons, leading to same-sign dilepton events. Direct
searches for promptly decaying triplet leptons at the LHC set a lower bound on the triplet mass
scale of around 800 GeV. A future 100 TeV pp collider can extend the mass reach to at least several
TeV, as seen in Fig. 37.
Finally, neutrino masses can also be generated radiatively, which provides an attractive ex-
planation for the smallness of neutrino masses with a plausibly low mass scale. Among the
large collection of radiative neutrino mass models, the Zee-Babu model contains a doubly-charged
SU(2)L singlet scalar with collider signal akin to the doubly-charged Higgs in the Type II See-
saw. ATLAS has excluded k±± mass below 660 − 760 GeV assuming the benchmark decay rate∑
`i=e,µ
BR(k±± → `±1 `±2 ) = 1. The high luminosity LHC is sensitive up to about a TeV for both
k±± and its companion scalar h± in the Zee-Babu model with constraints from neutrino oscilla-
tion data and other low energy experiments. For the colored variant of the Zee-Babu model, a pair
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of same-sign leptoquark can be produced via an s-channel diquark at the LHC. Their subsequent
decay lead to the lepton number violating same-sign dilepton plus jets final state, which still await
dedicated studies.
As a final remark, viable low-scale neutrino mass models often generate a rich flavor structure
in the charged lepton sector that predict lepton flavor-violating transitions. Such processes are
typically much more easily observable than lepton number violating processes, in part due to larger
production and decay rates, and should be searched for in both high- and low-energy experiments.
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